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ABSTRACT 

The Langmuir-Blodgett (IB) technique i s well known for the deposition of 

t h i n , uniform films of precisely defined thickness. These films can he used 

i n e l e c t r o n i c devices as an active layer, or i n a passive role as insulators. 

Results are presented of,investigations using films of both types. Novel LB 

fil m s of a merocyanine dye have been developed for use as a spectral 

s e n s i t i s e r , and films of phthalocyanine used as insulators for the enhancement 

of the electroluminescent (EL) properties of a metal-semiconductor structure. 

The merocyanine dye used has none of the clear amphiphilic molecular 

su b s t i t u t i o n s associated with classical LB f i l m materials, but behaves well as 

a Langmuir f i l m . Incorporated in t o a matrix of cadmium arachidate the dye can 

be deposited onto various substrates using the LB technique. Itie optical 

properties of such deposited films are characterised and corpared with those 

of a merocyanine dye featuring anphiphilic substitutions. For both dyes these 

properties indicate that good q u a l i t y LB films have been deposited, and that 

some dimeric structure i s present in these f i l m s . The f e a s i b i l i t y of using 

these f i l m s for the spectral sensitisation of semiconductors i s demonstrated 

by t h e i r modifying effe c t on the photoconductive response of polycrystalline 

zinc sulphide. 

The incorporation of LB films of phthalocyanine into the gold/ZnSeS 

system enables low voltage forward bias d.c EL to be observed with a threshold 

"^IV. Measurement of the increase i n i n t e n s i t y of emitted EL with bias 

suggests that the presence of the insulating layer increases the minority 

current available for radiative reccanbination by s u f ^ r t i n g realignment of 

energy bands i n the metal and semiconductor. EL efficiency of devices is 

shown t o increase with insulator thickness up to ten deposited layers of 

phthalocyanine a thickness of ^23nm. A simple energy band model for the 

system i s proposed which takes into account series resistance effects. 
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CBAEIEE I 

INTBQDHCTIQN 

The Langmuir-Blodgett (LB) f i l m technique has provoked 

much i n t e r e s t and re s e a r c h a c t i v i t y i n recent years. The 

technique allows the deposition onto m a t e r i a l s of uniform 

f i l m s down to a t h i c k n e s s of one molecular l a y e r . Much of 

the i n i t i a l i n t e r e s t of p h y s i c i s t s was i n the use of LB fi l m s 

a s i n s u l a t i n g l a y e r s of p r e c i s e l y c o n t r o l l a b l e thickness, but 

l a t t e r l y i n c r e a s i n g a t t e n t i o n has been centred on the 

p o s s i b i l i t y of the f i l m s playing an a c t i v e r o l e i n devices. 

I n t h i s t h e s i s i n v e s t i g a t i o n s of the use of LB f i l m s i n each 

of these r o l e s are described, both i n v o l v i n g the enhancement 

of o p t i c a l p r o p e r t i e s a s s o c i a t e d with semiconductor 

m a t e r i a l s . The f i r s t branch of the re s e a r c h was aimed at 

i n c r e a s i n g the photoresponse of a wide bandgap semiconductor 

to lower energies of v i s i b l e l i g h t by s e n s i t i s i n g i t with a 

dye i n LB f i l m form. The second aim was to incre a s e the 

e l e c t r o l u m i n e s c e n t output of a semiconductor device by the 

i n c o r p o r a t i o n of i n s u l a t i n g LB f i l m l a y e r s . 

The s p e c t r a l s e n s i t i s a t i o n of s i l v e r h a l i d e s by the 

i n c o r p o r a t i o n of small amounts of dye m a t e r i a l i s a technique 

w e l l known to photographic s c i e n c e . The photoresponse of the 

semiconductor to v i s i b l e l i g h t can be much enhanced i n the 

s p e c t r a l region where the dye absorbs most strongly. I t has 

a l s o been shown i n the past that the technique i s applicable 

t o other wide bandgap semiconductors, and that the e f f i c i e n c y 

of the e f f e c t i s c r i t i c a l l y dependent upon the amount of dye 



adsorbed on the semiconductor s u r f a c e . Depositing dyes by 

the LB technique should o f f e r a f i n e degree of control of 

t h i s e f f e c t for i t s a p p l i c a t i o n i n devices. S e n s i t i s i n g dyes 

i n LB f i l m form have been studied before, but i n v a r i a b l y 

r e q u i r i n g gross hydrophobic and hydrophilio s u b s t i t u t i o n s to 

make them behave l i k e ' c l a s s i c a l ' LB f i l m m a t e r i a l s . Part of 

t h i s r e s e a r c h was aimed at developing an LB f i l m dye without 

these s u b s t i t u t i o n s , which should thus have a greater 

s t a b i l i t y and s u f f e r l e s s d i l u t i o n of i t s o p t i c a l properties. 

The s o p h i s t i c a t e d LB trough f a c i l i t i e s at Durham U n i v e r s i t y 

a i d the c h a r a c t e r i s a t i o n of novel m a t e r i a l s . Such f i l m s have 

been s u c c e s s f u l l y produced with a merocyanine dye, and 

p r e l i m i n a r y measurements of t h e i r e f f e c t upon the 

photoconductive response of z i n c sulphide suggest that a 

c l e a r s e n s i t i s a t i o n e f f e c t should be detected given more 

s u i t a b l e semiconductor s u b s t r a t e s . 

There are many electroluminescent ( E L ) devices which 

operate by the i n j e c t i o n of minority c a r r i e r s into the 

luminescent region of a semiconductor. This i s normally 

achieved with pn j u n c t i o n s where the minority c a r r i e r 

i n j e c t i o n r a t i o (̂ T) i s high. However, many of the 

semiconductors which are p o t e n t i a l l y the most e f f i c i e n t 

phosphors for the production of EL ( i . e I I - V I compounds) are 

d i f f i c u l t to obtain i n low r e s i s t i v i t y p-type form due to 

s e l f compensation e f f e c t s , i . e they are poor amphoteric 

semiconductors. An a l t e r n a t i v e device s t r u c t u r e for such 

compounds i s the metal-semiconductor (Schottky b a r r i e r ) 

s t r u c t u r e . For these devices ^ i s s m a l l (< 10 ^) and severely 

l i m i t s t h e i r EL e f f i c i e n c y . However, 3^ i n c r e a s e s 

e x p o n e n t i a l l y as the d i f f e r e n c e i n b a r r i e r heights presented 



to m a j o r i t y and minority c a r r i e r s i s reduced. One way of 

a c h i e v i n g such a change i s by the incorporation of a t h i n 

i n s u l a t o r between the metal and semiconductor. Voltage 

dropped a c r o s s the i n s u l a t o r causes a realignment of the 

r e l a t i v e p o s i t i o n s of energy bands i n the metal and 

semiconductor and hence can i n c r e a s e S . This e f f e c t i s 

c r i t i c a l l y dependent upon the q u a l i t y and thick n e s s of the 

i n s u l a t i n g l a y e r , which has suggested an a p p l i c a t i o n for the 

LB technique. Past work with LB f i l m s has concentrated upon 

model systems for eval u a t i n g the technique, i n p a r t i c u l a r the 

i n c o r p o r a t i o n of w e l l c h a r a c t e r i s e d f a t t y a c i d monolayers 

i n t o the gold/n-type GaP system. The aim of t h i s study was 

to extend t h i s to a I I - V I m a t e r i a l , and use more s t a b l e LB 

f i l m m a t e r i a l s . Devices have thus been f a b r i c a t e d using LB 

f i l m s of phthalocyanine deposited onto e p i t a x i a l f i l m s of 

ZnSeS grown by the MOCVD technique. 

The t h e s i s begins with d i s c u s s i o n s of the b a s i c physics 

upon which t h i s r e s e a r c h was based. Chapter 2 i s an account 

of the fundamental p r o p e r t i e s of dyes, and of t h e i r use for 

s p e c t r a l s e n s i t i s a t i o n . Chapter 3 e x p l a i n s some of the 

p h y s i c s of electroluminescent devices, with p a r t i c u l a r 

emphasis on the Schottky b a r r i e r and MIS s t r u c t u r e s relevant 

to t h i s work. I n Chapter 4 the technology of LB f i l m s i s 

reviewed, and the techniques used for c h a r a c t e r i s a t i o n and 

d e p o s i t i o n of the f i l m s used i n both branches of t h i s work 

are described. The chosen deposition conditions for the LB 

f i l m s , and other aspects of device f a b r i c a t i o n and the 

measurement techniques employed i n the c h a r a c t e r i s a t i o n of 

s t r u c t u r e s are recounted i n Chapter 5. Chapter 6 d e t a i l s the 

r e s u l t s of an i n v e s t i g a t i o n i n t o the use of merocyanine dyes 



as LB f i l m s . The film-forming p r o p e r t i e s of the dyes are 

a s s e s s e d , followed by a d i s c u s s i o n of the o p t i c a l 

c h a r a c t e r i s t i c s of the dyes i n s o l u t i o n and as LB f i l m s . The 

chapter concludes with the r e s u l t s obtained when LB fil m s of 

dyes were deposited upon z i n c sulphide c r y s t a l s with the aim 

of demonstrating a d y e - s e n s i t i s a t i o n e f f e c t . The r e s u l t s are 

explained i n terms of an e l e c t r o n t r a n s f e r process. I n 

Chapter 7, the r e s u l t s of an i n v e s t i g a t i o n of gold - z i n c 

sulphur s e l e n i d e MS and MIS s t r u c t u r e s are presented. 

Phthalocyanine LB f i l m s were incorporated as i n s u l a t i n g 

l a y e r s , and the e f f e c t s of these f i l m s on the e l e c t r i c a l and 

e l e c t r o l u m i n e s c e n t p r o p e r t i e s of the devices are shown. The 

data are explained using a modified v e r s i o n of the 

conventional tunnel i n j e c t i o n theory. Chapter 8 concludes 

the t h e s i s with a summary of the r e s u l t s obtained i n t h i s 

work, and some suggestions for the future development of the 

l i n e s of r e s e a r c h discussed. 



CBAflEB 2 

DYES AHD DYEzSEHSITISATIQH 

T h i s chapter d i s c u s s e s the p r o p e r t i e s of dyes and the 

p r o c e s s e s involved i n d y e - s e n s i t i s a t i o n . F i r s t l y the o r i g i n s 

of the c h a r a c t e r i s t i c o p t i c a l p r o p e r t i e s of dyes are 

e x p l a i n e d i n terms of t h e i r molecular s t r u c t u r e . Following a 

b r i e f h i s t o r y of the use of dyes as s p e c t r a l s e n s i t i s e r s , the 

mechanisms of d y e - s e n s i t i s a t i o n are d i s c u s s e d i n terms of 

energy l e v e l c o n s i d e r a t i o n s and the s t r u c t u r e s of dye 

molecules, both i n d i v i d u a l l y and c o l l e c t i v e l y . The chapter 

concludes with b r i e f reviews of the p r o p e r t i e s of some 

s p e c i f i c dye m a t e r i a l s , and past work on dyes as 

Langmuir-Blodgett f i l m s . 

2.1 QPTICAL PROPERTIES QF DYES 

Dyes and pigments are c l a s s e s of organic materials 

c h a r a c t e r i s e d by t h e i r colour. They are g e n e r a l l y c l a s s e d as 

those compounds which absorb l i g h t i n the v i s i b l e region 

(400nm to 800nm), but t h i s loose d e f i n i t i o n i s often extended 

i n t o the u l t r a - v i o l e t and i n f r a - r e d regions of the spectrum. 

Dyes are u s u a l l y d i s t i n g u i s h e d as being m a t e r i a l s which 

impart t h e i r colour to a system by being incorporated at a 

molecular l e v e l , whereas pigments e x i s t as aggregations 

w i t h i n the system being coloured. 

2.1.1 Q r i g i n s Qf Energy L e v e l s 

As with most organic m a t e r i a l s the bonding between dye 



molecules i s weak and i s a s c r i b e d to van der Waals forces. 

Thus the absorption of l i g h t by these m a t e r i a l s i s 

e s s e n t i a l l y molecular i n nature and corresponds to 

t r a n s i t i o n s between ground and e x c i t e d e l e c t r o n s t a t e s . 

E x t r a s t r u c t u r e w i l l occur i n the absorption c h a r a c t e r i s t i c 

of the m a t e r i a l due to v i b r a t i o n a l energy l e v e l s 

(electron-phonon i n t e r a c t i o n i s s i g n i f i c a n t s i n c e e l e c t r o n 

exchange processes are r e l a t i v e l y weak). T h i s c o n t r a s t s with 

the absorption processes i n inorganic semiconductors where 

strong e l e c t r o n exchange dominates, c h a r a c t e r i s e d by a 

d i s t i n c t absorption edge. 

The e l e c t r o n i c p r o p e r t i e s of an organic s o l i d are 

governed by the e l e c t r o n t r a n s i t i o n s which can take place i n 

the molecule. These e l e c t r o n t r a n s i t i o n s are i n turn 

c h a r a c t e r i s e d by the spectroscopic p r o p e r t i e s of the system. 

When a molecule i n i t s ground s t a t e absorbs a photon of 

l i g h t , one of the e l e c t r o n s i n the highest f i l l e d molecular 

o r b i t a l i s r a i s e d to the lowest u n f i l l e d molecular o r b i t a l . 

I n general, the A 

MOLX of absorption i n d i c a t e s the energy 

d i f f e r e n c e between the ground and e x c i t e d s t a t e s of the 

molecule. Changing the environment of absorbing e l e c t r o n s i n 

a molecule ( i . e by changing s u b s t i t u e n t s ) w i l l cause small 

s h i f t s i n . Conjugated systems of tT-electrons are 

s t a b i l i s e d ( i . e a t t a i n lower energy) by resonance, and i t i s 

found that the i n c r e a s e d resonance with the number of double 

bonds i n conjugation r a i s e s • S t a b i l i s a t i o n i s 

apparently g r e a t e r i n the e x c i t e d s t a t e than i n the ground 

s t a t e s i n c e the energy d i f f e r e n c e between the two s t a t e s i s 

reduced. Conjugated Tf-electron systems are termed 

chromophores. Some l a r g e l y e m p i r i c a l but quite s u c c e s s f u l 



r u l e s have been developed for c a l c u l a t i o n of the absorption 

maxima of a number of kinds of chromophore, and the modifying 

e f f e c t s of s u b s t i t u e n t s . The simpler chromophores absorb i n 

the u l t r a - v i o l e t (e.g benzene has = 200nm), so for a 

compound to have Â .̂̂  i n the v i s i b l e g e n e r a l l y implies a 

r a t h e r e x t e n s i v e l y conjugated chromophore. Dyes and pigments 

are accordingly u s u a l l y rather complex molecules with 

e x t e n s i v e iT-electron systems. A simple alkene chain has to 

be q u i t e lomg to absorb i n the v i s i b l e (e.g C22 i n ^-carotene 

which has ^^^x. " 450nm). However, with the presence of 

heteroatoms such as nitrogen, chromophores need not be so 

extended for t h e i r absorptions•to reach the v i s i b l e region. 

For i n s t a n c e , the cyanines are a broad c l a s s of dyes with 

v a r i o u s l y s u b s t i t u t e d chromophores of the general form 

-N-(C=C)^-C=N- ^ -N=C-(C=C)^-N-

They e x h i b i t strong resonance s i n c e the two resonance forms 

shown are i d e n t i c a l , and are i n t e n s e l y coloured. The 

merocyanines studied i n t h i s research are a sub-group of the 

cyanines. 

2.1.g Intramoleeular Relaxation Qf Eleetrong 

When an e l e c t r o n i c t r a n s i t i o n has taken place a molecule 

w i l l tend to l o s e i t s excess energy and r e t u r n to i t s ground 

s t a t e . The normal photophysical processes by which a 

molecule l o s e s t h i s energy are i n competition with net charge 

c a r r i e r generation. A molecule i n i t s ground e l e c t r o n s t a t e 

w i l l normally contain two e l e c t r o n s of equal and opposite 

s p i n i n each f i l l e d molecular o r b i t a l . T h i s i s the ground 

s i n g l e t s t a t e . I f the s p i n of an e x c i t e d e l e c t r o n continues 

to oppose t h a t of the remaining e l e c t r o n then the r e s u l t a n t 
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S t a t e i s c a l l e d an e x c i t e d s i n g l e t . I f i t s s p i n i s the same 
as the ground e l e c t r o n i t i s c a l l e d an e x c i t e d t r i p l e t . 

S i n g l e t s and t r i p l e t s (hence the ' m u l t i p l i c i t y ' of a s t a t e ) 

r e s u l t i n d i f f e r i n g energy degradation processes. These 

processes are shown diagrammatically i n Figure 2.1 ( a l s o 

shown a r e the v i b r a t i o n a l l e v e l s a s s o c i a t e d with e x t r a 

s t r u c t u r e i n the absorption c h a r a c t e r i s t i c ) . Fluorescence i s 

the emission of l i g h t r e s u l t i n g from an e l e c t r o n dropping 

between s t a t e s with the same m u l t i p l i c i t y . This almost 

i n v a r i a b l y occurs from the lowest e x c i t e d s t a t e of a given 

m u l t i p l i c i t y , and has e x t r a s t r u c t u r e a s s o c i a t e d with 

v i b r a t i o n a l l e v e l s of the ground s t a t e . Thus the spectrum of 

the f l u o r e s c e n c e of a molecule i s often a mirror image of the 

absorption c h a r a c t e r i s t i c . The n a t u r a l l i f e t i m e of t h i s 
-8 

process i s g e n e r a l l y very short, of the order 10 seconds, 

depending upon the strength of the corresponding absorption 

process. Phosphorescence i s the emission of l i g h t r e s u l t i n g 

from an e l e c t r o n dropping between s t a t e s with d i f f e r e n t 

m u l t i p l i c i t y , i n v a r i a b l y from the lowest t r i p l e t to the 

ground s t a t e . Since the corresponding absorption process i s 

s t r o n g l y forbidden the n a t u r a l l i f e t i m e of t h i s process i s 

much longer, from 10 seconds up to s e v e r a l seconds. These 

are the two processes one would expect to be quenched when 

e l e c t r o n or energy t r a n s f e r from a dye occurs i n a system. 

There are a l s o two types of non-radiative t r a n s i t i o n , as 

shown. I n t e r n a l conversion occurs between s t a t e s of the same 

m u l t i p l i c i t y , and r e s u l t s from the r e l a t i v e crowding of 

higher e x c i t e d s t a t e s and the overlap of t h e i r v i b r a t i o n a l 

l e v e l s . The times for these t r a n s i t i o n s are of the order of 

10"^^ seconds. The process i s r a r e l y e f f e c t i v e across the 
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r e l a t i v e l y l a r g e energy I n t e r v a l between the lowest excited 
s i n g l e t s t a t e and the ground s t a t e , which i s c h a r a c t e r i s e d by 
stro n g fluorescence. The equivalent process between 
m u l t i p l i c i t i e s i s intersystem c r o s s i n g , which normally only 
occurs between the lowest e x c i t e d s i n g l e t s t a t e and the 
lowest t r i p l e t , or the lowest t r i p l e t and the ground s i n g l e t . 
From the lowest e x c i t e d s i n g l e t to the lowest t r i p l e t the 

-6 
process competes with fluorescence ( i . e l i f e t i m e s ~10 

seconds), but i s slower from the lowest t r i p l e t to the ground 

s t a t e because the energy d i f f e r e n c e i s u s u a l l y much larg e r . 

I t can s t i l l , however, compete favourably with 

phosphorescence. 

2.1.3 V i s i b l e L i g h t SpeetrQSQQpy 
Because of the r e l a t i v e l y weak van der Waals i n t e r a c t i o n 

between molecules the organic s o l i d s t a t e i s s t i l l p r i m a r i l y 

molecular i n nature. Thus, the absorption c h a r a c t e r i s t i c s of 

an organic compound i n the s o l i d s t a t e are c l o s e l y r e l a t e d to 

those of the f r e e molecule. The measurement of l i g h t 

a b sorption i s governed by two c l o s e l y r e l a t e d laws. 

Lambert's law i s a p p l i c a b l e to the absorption of l i g h t by a 

s o l i d , and takes the form 

I n d o / I - r ) = c<b (2.1) 

where 1^ and I.^ are the i n t e n s i t i e s of the inci d e n t and 

t r a n s m i t t e d l i g h t r e s p e c t i v e l y , b i s the sample thickness 

( u s u a l l y expressed i n cm) and o( i s the absorption 

c o e f f i c i e n t . More s u i t a b l e f o r s o l u t i o n s , where 

c o n c e n t r a t i o n s vary, i s Beer's law 

l o g d ^ / l T - ) = A = £bc (2.2) 

A i s the absorbance or o p t i c a l d e n s i t y and i s the quantity 
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normally measured by a spectrophotometer, o i s the solution 
c o n c e n t r a t i o n i n m o l e s / l i t r e , and £ i s the molar a b s o r p t i v i t y 
or molar e x t i n c t i o n c o e f f i c i e n t , which normally has the u n i t s 
of litres/mole-cm. For most dyes, £ i s of the order 10^ at 
^fvwt- The two q u a n t i t i e s , and £ , are u s e f u l for 

c h a r a c t e r i s i n g the magnitude of absorption a t a p a r t i c u l a r 

wavelength, but are not t r u l y r e p r e s e n t a t i v e of the molecular 

ab s o r p t i o n process. However, i n t e g r a t i n g an absorption curve 

p l o t t e d a g a i n s t frequency (and hence energy) w i l l give a 

measure of the absolute strength of an e l e c t r o n t r a n s i t i o n , 

i . e 

f-^ Zds> (2.3) 

Here v> i s the frequency of absorption and f-^ i s known as the 

o s c i l l a t o r strength. I t i s po s s i b l e to r e l a t e the o s c i l l a t o r 

s t r e n g t h to the quantum mechanical dipole strength of an 

e l e c t r o n i c t r a n s i t i o n . 

Although i t has already been s t a t e d that the 

photophysical processes i n the organic s o l i d are p r i m a r i l y 

those of the f r e e molecule, i t i s c l e a r that some molecular 

i n t e r a c t i o n w i l l occur. A s o l i d s t a t e absorption spectrum 

w i l l u s u a l l y e x h i b i t s p e c t r a l broadening due to weak coupling 

between e l e c t r o n o r b i t a l s . Though t h i s i n t e r a c t i o n i s weak, 

the times a s s o c i a t e d with i t are only 10 " s. Since the 

l i f e t i m e of an e x c i t e d s t a t e i s 10 ^ s (Fig u r e 2.1), an 

absorption process i n i t i a t e d i n a s i n g l e molecule i n the 

s o l i d can t r a n s f e r energy to a whole assembly of i n t e r a c t i n g 

molecules. These i n t e r a c t i n g molecules are c a l l e d Frenkel 

e x c i t o n s , and can tra n s p o r t energy over r e l a t i v e l y large 

d i s t a n c e s i n the organic s o l i d s t a t e . A d d i t i o n a l t r a n s i t i o n s 

can a l s o occur due to some dimeric s t r u c t u r e appearing i n the 
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s o l i d , s i n c e the two molecules i n the dimer w i l l i n t e r a c t 
through d i p o l e - d i p o l e coupling. When the arrangement of dye 
molecules i s i n f l u e n c e d by t h e i r adsorption onto, say, a 
semiconductor s u r f a c e these t r a n s i t i o n s can give r i s e to very 
sharp and strong absorption. These ' J ' bands and other 
aggregation bands have been widely reported by workers on 
d y e - s e n s i t i s a t i o n ( 1 ) . Another important i n t e r a c t i o n of 
e x c i t e d s t a t e s i s excimer formation. An excimer i s an 
e x c i t e d s t a t e dimer and r e s u l t s from the i n t e r a c t i o n between 
an e x c i t e d s i n g l e t s t a t e and an unexcited molecule. Excimer 
emission i s u s u a l l y broad, s t r u c t u r e l e s s and somewhat 
r e d - s h i f t e d from the normal molecular fluorescence. The 
formation and d i s s o c i a t i o n of excimers can be represented as 

A(S^) + hv> ^ A*(S,) 

A*'(S,) + A(S^,) (AA)* 

(AA)* ^ A(S^j) + A(So) + hv (2.4) 

where A and A* represent ground and f i r s t e x c i t e d s i n g l e t 

s t a t e s and (AA)* i s the e x c i t e d dimer or excimer s t a t e . I n 

molecular c r y s t a l s excimer emission i s observed when the 

c r y s t a l s t r u c t u r e i s such that adjacent molecules form 

p a r a l l e l - p l a n e dimers which allow appreciable overlap of the 

d e l o c a l i s e d i r - e l e c t r o n s . 

2.2 DYE SENSITIS^TIQN 
Dye s e n s i t i s a t i o n or s p e c t r a l s e n s i t i s a t i o n i s defined 

as a s e l e c t i v e i n c r e a s e i n the s e n s i t i v i t y of a system to a 

s p e c t r a l r e g i on by the a d d i t i o n of a dye. I n p r a c t i c e , t h i s 

means an i n c r e a s e i n the s e n s i t i v i t y to wavelengths longer 

than those s t r o n g l y absorbed by the undyed photosensitive 

system. T h i s s e l e c t i v i t y d i s t i n g u i s h e s i t from chemical 
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s e n s i t i s a t i o n which i n c r e a s e s s e n s i t i v i t y to a l l s p e c t r a l 
r egions absorbed by the system, u s u a l l y by a f a c t o r which i s 
n e a r l y the same for a l l the regions. Dye s e n s i t i s a t i o n i s 
p r i m a r i l y a s s o c i a t e d with photographic s c i e n c e and the 
improvement of the response of s i l v e r h a l i d e grains i n 
emulsions. However. Akimov(2) has shown that s e v e r a l 
i n o r g a n i c semiconductors can be s e n s i t i s e d by the adsorption 
of dyes from a vapour. This has paved the way for the 
p o s s i b l e development of semiconductor s o l a r c e l l and 
photodetector devices with a s p e c t r a l response matched to 
t h a t of the incoming r a d i a t i o n . 

2.2.1 A B r i e f H i s t e r y 

The f i r s t observation that organic dyes could extend the 

s p e c t r a l s e n s i t i v i t y of s i l v e r h a l i d e emulsions was by Vogel 

i n 1873. While studying the s p e c t r a l response of supposedly 

pure emulsions he noticed that a p a r t i c u l a r type of 

commercial p l a t e had a high green s e n s i t i v i t y . Vogel found 

that t h i s p l a t e incorporated a dye, put there for the purpose 

of a n t i - h a l a t i o n ( i . e the prevention of b l u r r i n g by the 

r e f l e c t i o n and d i s p e r s a l of l i g h t ) , and that i f the dye was 

washed out with a l c o h o l the green s e n s i t i v i t y disappeared. 

He found that i n c o r p o r a t i n g the magenta dye c o r a l l i n e i n 

s i l v e r bromide emulsions produced a strong response i n the 

green, and hence v e r i f i e d h i s assumption that the dye was 

r e s p o n s i b l e f o r the e x t r a s e n s i t i v i t y . A f t e r the p u b l i c a t i o n 

of Vogel's f i n d i n g s ( 3 ) there was considerable controversy i n 

the photographic world, the concept of the t r a n s f e r of the 

energy absorbed by a for e i g n substance to the s i l v e r h a l i d e 

being regarded by some as "contrary to the accepted laws of 



13 

molecular physios". However, confirmation by Becquerel and 
oth e r s of the e f f e c t soon l e d to the process being accepted 
as f a c t . Over the next t h i r t y years or so dye s e n s i t i s a t i o n 
developed with the discovery of more and more s e n s i t i s i n g 
dyes, though there was generally l i t t l e knowledge of the true 
s t r u c t u r e s of dyes, or of the mechanisms responsible. 
West(4) has w r i t t e n an e n t e r t a i n i n g h i s t o r y of the progress 
i n s p e c t r a l s e n s i t i s a t i o n a t t h i s time. 

Major progress i n the f i e l d began with the introduction 

of e f f i c i e n t l y s e n s i t i s i n g cyanine dyes a f t e r the turn of the 

century. Though these dyes were not very s t a b l e to l i g h t , 

and consequently of l i t t l e use as t e x t i l e dyes, t h e i r high 

a b s o r p t i v i t y and the r e l a t i v e p u r i t y with which they could be 

s y n t h e s i s e d made them i d e a l for photographic s e n s i t i s a t i o n . 

Some of the p r o p e r t i e s of t h i s c l a s s of dyes are discussed i n 

s e c t i o n 2.3. P a r t i c u l a r l y important, as knowledge of the 

s t r u c t u r e of the dyes grew a f t e r 1920, was the discovery that 

i n c r e a s i n g the chain length i n a symmetrical cyanine dye 

caused a s p e c t r a l s h i f t i n s o l u t i o n of 'vioOnm to longer 

wavelengths per a d d i t i o n a l double bond. Since the p o s i t i o n 

of the absorption band for a f i x e d chain length depends upon 

the s t r u c t u r e of the h e t e r o c y c l i c n u c l e i , a great v a r i e t y of 

absor p t i o n s and s e n s i t i s a t i o n s were p o t e n t i a l l y a v a i l a b l e . 

I n f a c t , i t i s now accepted that only the cyanines and 

r e l a t e d dyes ( i . e polymethine dyes) can be regarded as 

e f f i c i e n t s p e c t r a l s e n s i t i s e r s . The next few years saw 

i n c r e a s i n g lengths of cyanine chains for s e n s i t i s i n g i n t o the 

i n f r a - r e d . An innovation of t h i s period was the discovery of 

the u s e f u l c l a s s of non-ionised dye s e n s i t i s e r s , the 

merocyanines. T h i s important s u b c l a s s of cyanines i s a l s o 
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d i s c u s s e d i n s e c t i o n 2 . 3 . 

Although the search f o r e f f i c i e n t s p e c t r a l s e n s i t i s e r s 

has continued unabated s i n c e the e a r l y days, much of the 

fundamental r e s e a r c h undertaken i n t o s e n s i t i s a t i o n s i n c e the 

l a s t war has been aimed at d e f i n i t i v e l y e s t a b l i s h i n g the 

mechanism involved. P o s s i b l e mechanisms are discussed i n the 

next sub-section. 

2 . 2 - 2 i l e c t x Q s I r a n g f e r Y 6 E n e r g y T r a B S f e r M e e t i a n i s i D S 

I t i s u n i v e r s a l l y accepted that the process of dye 

s e n s i t i s a t i o n i n v o l v e s the e l e v a t i o n of an e l e c t r o n to the 

conduction band of a semiconductor, when incorporated dyfe 

molecules are e x c i t e d by i n c i d e n t l i g h t (assuming an n-type 

semiconductor). However, the mechanism by which the e l e c t r o n 

reaches the conduction band has been, and to some extent 

remains, incompletely understood. There are e s s e n t i a l l y two 

p o s s i b l e t r a n s f e r mechanisms, represented by Figure 2.2. 

T h i s energy l e v e l diagram shows sc h e m a t i c a l l y s e n s i t i s a t i o n 

by e l e c t r o n t r a n s f e r (A) and by energy t r a n s f e r ( B ) . I n 

terms of e l e c t r o n t r a n s f e r theory one s t a r t s by reasoning 

that i n the dark and even immediately a f t e r the absorption 

t r a n s i t i o n i n the dye, the semiconductor and the dye r e t a i n 

t h e i r i n d i v i d u a l i t y ( t h i s i s shown by the r e l a t i v e l y minor 

s p e c t r a l changes which accompany adsorption of a dye). The 

dye and semiconductor must therefore be separated by a 

p o t e n t i a l b a r r i e r which prevents the two e l e c t r o n systems 

from completely merging. According to quantum theory there 

i s a c e r t a i n p r o b a b i l i t y that an e x c i t e d e l e c t r o n i n the dye 

molecule at the same energy as a conduction l e v e l of the 

semiconductor w i l l pass through the b a r r i e r into the 
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conduction band, le a v i n g a dye p o s i t i v e hole i n the form of a 
semioxidised dye f r e e r a d i c a l . By a corresponding t u n n e l l i n g 
of an e l e c t r o n from a l o c a l i s e d surface s i t e i n the 
semiconductor, i n t o the p a r t i a l l y empty ground s t a t e of the 
dye f r e e r a d i c a l , the o r i g i n a l dye molecule i s regenerated 
and a p o s i t i v e hole l e f t trapped i n the semiconductor 
s u r f a c e . There i s a c e r t a i n p r o b a b i l i t y that, i f s u f f i c i e n t 
thermal energy i s a v a i l a b l e , t h i s surface hole may be 
l i b e r a t e d i n t o the valence band of the semiconductor. The 
absor p t i o n spectrum of a dye adsorbed onto a semiconductor 
reproduces, i n broadened and perhaps s h i f t e d form, the 
s t r u c t u r e of the spectrum i n s o l u t i o n . Hence the time for 
the s e n s i t i s i n g i n t e r a c t i o n must exceed that of the 
absorption process -vio"'^ s. From the quenching of the 
fl u o r e s c e n c e of s e n s i t i s i n g dyes i t has been deduced that the 
i n t e r a c t i o n must be complete i n l e s s than 10 s - from the 
degree of fluorescence quenching the i n t e r a c t i o n time has 
been estimated at 10 " s ( 5 ) . I n Figure 2.2 i t can be seen 
t h a t the height of the b a r r i e r and, to some extent, i t s width 
i s g r e a t e r f o r the regeneration of the dye by the generation 
of a s u r f a c e hole than for e l e c t r o n t r a n s f e r i n t o the 
conduction band. The dye f r e e r a d i c a l should th e r e f o r e e x i s t 
f o r some time a f t e r the s e n s i t i s a t i o n t r a n s f e r , mooting the 
p o s s i b i l i t y of i t s d e t e c t i o n . I t i s p o s s i b l e that i n the 
near f u t u r e the e l e c t r o n t r a n s f e r process could be proved 
d e f i n i t i v e l y using time-resolved picosecond l a s e r 
spectroscopy to detect the r a d i c a l ( 6 ) . 

I n energy t r a n s f e r (case B ) ( 7 ) , the dye resonates with a 

s u r f a c e s i t e i n the semiconductor so that at the expense of 

the e l e c t r o n i c e x c i t a t i o n energy of the dye, an e l e c t r o n i s 
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l i b e r a t e d from the s u r f a c e s i t e i n t o the conduction band of 
the semiconductor, l e a v i n g a p o s i t i v e hole trapped i n the 
s u r f a c e . I n t h i s case, of course, the end r e s u l t i s the same 
as f o r the e l e c t r o n t r a n s f e r theory - an e l e c t r o n i n the 
semiconductor conduction band, the dye i n i t s ground s t a t e , 
and an e l e c t r o n removed from a s i t e at an intermediate l e v e l 
i n the semiconductor. Evidence to support the theory of 
s e n s i t i s a t i o n by energy t r a n s f e r was supplied by Kuhn and h i s 
a s s o c i a t e s i n a s e r i e s of ingenious experiment6(8) using the 
LB f i l m technique. They produced monolayers of cyanine dyes 
and t r a n s f e r r e d them i n t a c t onto s i l v e r bromide c r y s t a l s , 
e i t h e r d i r e c t l y on the surface or onto intermediate 
i n s u l a t i n g l a y e r s of known thi c k n e s s of cadmium arachidate. 
They demonstrated the e x c i t a t i o n of fluorescence, the 
s p e c t r a l s e n s i t i s a t i o n of photoconductivity, and the 
s e n s i t i s a t i o n of image formation i n s i l v e r bromide, a l l with 
i n s u l a t i n g l a y e r s between the dye and the h a l i d e to prevent 
e l e c t r o n t r a n s f e r . The e f f i c i e n c y of the energy t r a n s f e r 
through the l a y e r s f e l l off with i n c r e a s i n g i n s u l a t o r 
t h i c k n e s s i n accordance with t h e o r i e s of resonant t r a n s f e r . 
The f a c t t h a t they were able to demonstrate s e n s i t i s a t i o n 
e f f e c t s with over 30nm of cadmium arachidate l a y e r s between 
the dye and the s i l v e r h a l i d e , showed that t u n n e l l i n g of the 
e x c i t e d e l e c t r o n s to the c r y s t a l was very u n l i k e l y during the 
l i f e t i m e of the e x c i t e d dye. 

Though Kuhn e t a l appear to have demonstrated the 

e x i s t e n c e of an energy t r a n s f e r mechanism, current opinion i s 

mostly, though not unanimously, convinced of the p o s s i b i l i t y 

of e l e c t r o n t r a n s f e r on e n e r g e t i c grounds. There i s strong 

evidence to suggest that the e x c i t e d l e v e l s of t y p i c a l 



17 

s e n s i t i s e r s a r e equi-energetio with conduction l e v e l s i n 
semiconductors, p a r t i c u l a r l y i n s i l v e r h a l i d e s . This 
c o n v i c t i o n r e s u l t s from experimental determination of the 
energy l e v e l s of dyes from s p e c t r a l data and quantum-chemical 
c a l c u l a t i o n s O ) . These energy l e v e l s have been shown to be 
much higher than was thought when the energy t r a n s f e r model 
was f i r s t proposed. I t i s now widely accepted that where 
dyes are d i r e c t l y adsorbed onto a c r y s t a l surface, the energy 
t r a n s f e r model does not ex p l a i n anything that cannot equally 
w e l l be explained by d i r e c t e l e c t r o n t r a n s f e r ( 1 0 ) . There i s 
a l s o no evidence f or energy t r a n s f e r under these 
circumstances, while i n c r e a s i n g confirmation of el e c t r o n 
i n j e c t i o n i s found. For example, photoacoustic spectroscopy 
(11) has shown the t r a n s i e n t presence of absorption spe c t r a 
which suggest the presence of intermediate dye r a d i c a l s . 

2.2.3 D e s e n s i t i s a t i e n 

As shown i n Figure 2.3 s e n s i t i s e r s and semiconductors 

may i n t e r a c t i n a v a r i e t y of po s s i b l e ways, depending on the 

dye o r b i t a l e n e r g i e s r e l a t i v e to the band edges of the 

semiconductor. The r e l e v a n t dye o r b i t a l s are shown as HOMOs 

(h i g h e s t occupied molecular o r b i t a l s ) and LUMOs (lowest 

unoccupied molecular o r b i t a l s ) . I n the ground s t a t e the HOMO 

of a dye can r e l e a s e an e l e c t r o n (or trap a h o l e ) . 

E x c i t a t i o n of the dye r e s u l t s i n the promotion of an el e c t r o n 

from i t s HOMO to i t s LUMO, thus r e v e r s i n g , i n the f i r s t 

e x c i t e d s i n g l e t s t a t e , the a b i l i t y of the dye o r b i t a l s to 

t r a p and r e l e a s e e l e c t r o n s . Therefore the dye a c t s as a 

s p e c t r a l s e n s i t i s e r i f i t s LUMO i s posi t i o n e d above the 

bottom of the conduction band (case B). On the other hand, 
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the dye i n the e x c i t e d s t a t e can trap an e l e c t r o n or re l e a s e 
a photohole. Thus i f the dye's HOMO i s below the top of the 
valence band i t a c t s (case E) as a d e s e n s i t i s e r by hole 
i n j e c t i o n . ( I n cases C and D the dye a c t s as a hole or 
e l e c t r o n trap, and i n cases A and F as an e l e c t r o n or hole 
i n j e c t o r , i n a l l four oases when the dye i s i n the ground 
s t a t e ) . One i m p l i c a t i o n of t h i s scheme for n-type 
semiconductors i s that the lower the l o c a t i o n of the 
conduction band, the e a s i e r w i l l be the s e n s i t i s a t i o n of the 
t r a n s f e r of an e l e c t r o n from the dye to the semiconductor. 
Also, the lower the valence band, the l e s s l i k e l y are 
d e s e n s i t i s a t i o n e f f e c t s from dye photohole i n j e c t i o n . This 
i s the case with z i n c oxide, which can be s e n s i t i s e d by any 
common dye, whereas d e s e n s i t i s a t i o n i s nearly impossible 
because of i t s low energy bands(6). 

I t i s i n t e r e s t i n g to note that the semiconducting 

p r o p e r t i e s of organic dyes, i n v e s t i g a t e d by Meier and 

o t h e r s O ) , can be applied to adsorbed l a y e r s . I t has been 

proposed that a s e n s i t i s i n g dye/semiconductor can be 

considered as a s o l i d s t a t e diode, i . e the adsorption of a 

dye onto a semiconductor surface r e s u l t s i n a rapid 

e q u a l i s a t i o n of Fermi l e v e l s . Many of the dyes used to 

s e n s i t i s e n-type semiconductors have themselves been 

c h a r a c t e r i s e d as p-type semiconductorsO), suggesting the 

formation of a type of pn-junction s t r u c t u r e . This idea i s 

supported by the f a c t that good s e n s i t i s e r s of n-type 

m a t e r i a l s have been shown to become d e s e n s i t i s e r s on some 

p-type m a t e r i a l s , and v i c e v e r s a ( 6 ) . 
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2 . 2 . 1 AggregatlQD E f f e c t s 
Aggregation e f f e c t s have already been b r i e f l y mentioned 

i n s e c t i o n 2.1. The tendency of dyes to form dimers and 

higher polymers has been of considerable p r a c t i c a l and 

t h e o r e t i c a l i n t e r e s t , s i n c e these w i l l i n f l u e n c e the 

a b s o r p t i o n and hence the s e n s i t i s i n g p r o p e r t i e s of a dye. 

The most important e f f e c t i n terms of s e n s i t i s a t i o n i s the 

formation of ' J ' bands (named a f t e r E . E . J e l l e y who published 

the f i r s t d e s c r i p t i o n of them(12)). These are strong bands 

i n s o l u t i o n s p e c t r a , r e d - s h i f t e d from the molecular 

absorption, and of unparalled sharpness for organic materials 

a t room temperature. They a l s o appear i n the s p e c t r a of a 

wide v a r i e t y of adsorbed cyanines and some adsorbed 

merocyanines. These bands have been of p a r t i c u l a r value i n 

s e n s i t i s a t i o n f o r colour photography, allowing sharp 

d i f f e r e n t i a t i o n between red and green. They are a t t r i b u t e d 

to the formation of molecular aggregates held together by van 

der Waals f o r c e s , and seem to be strengthened with i n c r e a s i n g 

l e n g t h of the conjugated chain i n cyanines, i . e the 

d e l o c a l i s a t i o n of i r - e l e c t r o n s ( 6 ) . They are a l s o influenced 

by the c r y s t a l s t r u c t u r e onto which the dye i s adsorbed, 

s i n c e t h i s i n f l u e n c e s the arrangement of and hence the 

i n t e r a c t i o n s between dye molecules. These bands are not 

e s s e n t i a l f o r strong s e n s i t i s a t i o n , and indeed the dye i s 

often a l e s s e f f i c i e n t s e n s i t i s e r than when absorbing 

m o l e c u l a r l y . However, the presence of aggregates i n 

molecular c r y s t a l s of dyes are expected to y i e l d i n t e r e s t i n g 

r e s u l t s i n the f i e l d s of nonlinear o p t i c s and organic 

conduction(6). 
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Because of the photochemical decomposition in h e r e n t l y 
a s s o c i a t e d with the photographic e f f e c t i n s i l v e r h a l i d e 
c r y s t a l s , an a l t e r n a t i v e semiconductor system w i l l allow a 
c l e a r e r determination of the photoeffects involved i n dye 
s e n s i t i s a t i o n . Terenin and l a t e r Akimov(2) have observed the 
s e n s i t i s a t i o n by dyes of photoeffects i n bound powders of 
z i n c , cadmium and lead oxides, and i n cadmium and z i n c 
s u l p h i d e s ( 13). ZnO i n p a r t i c u l a r has been studied i n some 
d e t a i l i n connection with i t s uses i n electrophotographic 
systems. Figure 2.4 reproduces some of Akimov's r e s u l t s for 
the enhancement of photoconductivity i n ZnO by the 
i n c o r p o r a t i o n of v a r i o u s sublimed dyes. One p a r t i c u l a r l y 
i n t e r e s t i n g r e s u l t reported i n t h i s work was that for the 
optimum s e n s i t i s a t i o n e f f e c t s shown i n Figure 2.4. I t was 
found t h a t the coverage of the semiconductor surface 
corresponded to A'40% of one monolayer( 13). I f t h i s value 
were c r i t i c a l , the f i n e c o n t r o l a v a i l a b l e through the LB f i l m 
technique should allow accurate optimisation of dye 
d e p o s i t i o n . I t was a l s o reported that the presence of at 
l e a s t some p h o t o e l e c t r i c s e n s i t i v i t y to longwave l i g h t by the 
undyed semiconductor was required for the subsequent 
d e t e c t i o n of the s e n s i t i s a t i o n e f f e c t . I t was suggested that 
t h i s was i n d i c a t i v e of the need to have e l e c t r o n trapping 
l e v e l s at the semiconductor surface to p a r t i c i p a t e i n the 
s e n s i t i s a t i o n process. Charge t r a n s f e r v i a these t r a p s 
a l l o w s the regeneration of the dye molecule i n t o i t s ground 
s t a t e . 

Heiland(14,15) has undertaken measurements of the 

s e n s i t i s a t i o n e f f e c t of dye sublimated i n u l t r a h i g h vacuum 
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onto s i n g l e c r y s t a l ZnO cleaned by annealing. This 
e l i m i n a t e d some of the complications a s s o c i a t e d with binder 
systems, and allowed charge t r a n s f e r i n the dye and c r y s t a l 
to be studied by measurements of the e l e c t r i c f i e l d normal to 
the s u r f a c e i n conjunction with the s e n s i t i s e d 
photoconductivity. T h i s , and somewhat s i m i l a r s t u d i e s by 
other workersC16,17), appeared to confirm the e l e c t r o n 
t r a n s f e r theory. Another technique allowing a well-defined 
s u r f a c e preparation i s the technique developed by 
GerischerC18) of immersing a ZnO electrode i n t o a g a l v a n i c 
c e l l and adding dye to the s o l u t i o n . T h i s technique has been 
followed and adapted by a number of workers for SnOĵ ^ and 
TiOj , as w e l l as ZnO( 19-21). The f a b r i c a t i o n of a 
p h o t o v o l t a i c c e l l based on a dye-ZnO sandwich s t r u c t u r e has 
been re p o r t e d ( 2 2 ) . Dyes adsorbed onto anthracene and other 
molecular c r y s t a l s have a l s o been shown to have a s e n s i t i s i n g 
e f f e c t on photoconductivitY(23). 

2.3 SENSITISING DYES 
The p r o p e r t i e s conferred by a s e n s i t i s i n g dye are 

c l e a r l y dependent upon the absorption of the dye i t s e l f . The 

r e l a t i o n s h i p s between the chemistry and absorption of dyes 

are a h i g h l y complicated subject, d i s c u s s e d b r i e f l y i n 

s e c t i o n 2.1. However, the dyes used i n p r a c t i c e for 

s e n s i t i s a t i o n are a l l from a broad c l a s s known as polymethine 

dyes, the l a r g e s t s u b c l a s s of which are the cyanines. 

Polymethine dyes contain two or three n u c l e i connected by 

conjugated c h a i n s of carbon atoms. T h i s s e c t i o n b r i e f l y 

reviews some of the p r o p e r t i e s of cyanine and merocyanine 

dyes. 
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2.2.1 CYasises 
As has a l r e a d y been shown, the cyanines are resonance 

hyb r i d s of the general form 

-N-(C=C)^-C=N- -N=C-(C=C)n-N-

where n i s an odd p o s i t i v e integer. I n most of these dyes 

the nitrogen atoms and the terminal carbon atoms of the 

chromophore are part of a h e t e r o c y c l i c r i n g which may take a 

number of forms. By varying the conjugated chain length the 

absorption c h a r a c t e r i s t i c s of these dyes have been extended 

throughout the v i s i b l e spectrum and i n t o the near i n f r a - r e d . 

These are the ' c l a s s i c a l ' dyes for the s e n s i t i s a t i o n of 

photoeffects, and t h e i r development and syntheses have been 

comprehensively reviewed(24). These dyes are generally 

i n s o l u b l e i n non-polar sol v e n t s , but s p a r i n g l y soluble i n 

water. They have poor s t a b i l i t y to l i g h t , t h i s i n s t a b i l i t y 

i n c r e a s i n g with conjugated chain length. Most of the work 

c a r r i e d out by Kuhn et a l ( 6 ) used cyanine dyes with long 

a l i p h a t i c s u b s t i t u t i o n s which rendered them soluble i n 

chloroform and s u i t a b l e for incorporation i n t o LB f i l m s . 

2.3.2 MerQQyanines 

The merocyanines are a c l a s s of non-ionic polymethine 

dyes of the general form 

-N-(C=C)r^-C=0 ?=ii -N=C-(C=C)^-0 

where i n t h i s case n i s an even p o s i t i v e integer. They are 

resonance hy b r i d s between a covalent and a charge separated 

d i p o l a r form, and g e n e r a l l y have a low s o l u b i l i t y i n water 

and other p o l a r s o l v e n t s . They are somewhat soluble i n 

non-polar s o l v e n t s , i n c o n t r a s t with the cyanines. The 

o p t i c a l p r o p e r t i e s of many merocyanines are 
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well-dooumented(25). The low s o l u b i l i t y of these dyes i n 
water, even i n a form unsubstituted with a l i p h a t i c chains, 
suggests t h a t they may f u l f i l the f i r s t requirement of a 
m a t e r i a l that i s to be used as an LB f i l m , i . e s t a b i l i t y on 
the water s u r f a c e . A s e l e c t i o n of merocyanine dyes were 
s t u d i e d i n the course of t h i s work (Chapter 6 ) . with the 
s p e c i f i c aim of i s o l a t i n g a merocyanine without long 
s u b s t i t u t i o n s to act as an LB f i l m . I t was hoped that the 
omission of the a l i p h a t i c regions would give a more s t a b l e 
f i l m than those obtained to date. 

£.4 DYES ^S LAHGMUIR-BLQDGETT FILMS 

The technology of LB f i l m s i s reviewed more f u l l y i n 

Chapter 4, but t h i s s e c t i o n b r i e f l y summarises some of the 

r e s e a r c h which has been c a r r i e d out by other workers 

u t i l i s i n g the technique with dyes. I n f a c t the growth of 

i n t e r e s t i n these f i l m s i n recent years can be traced to the 

s t a r t of a s e r i e s of elegant experiments i n v o l v i n g dyes by 

Kuhn et a l . They were looking for a novel method of studying 

experimentally the d i s t a n c e dependence of energy t r a n s f e r 

from an e x c i t e d donor molecule to a nearby acceptor molecule. 

The i d e a was to p h y s i c a l l y separate donor and acceptor by a 

w e l l defined d i s t a n c e , and then to examine the fluorescence 

of the donor or acceptor as a function of the separation. 

T h i s work was i n i t i a l l y done with l a y e r s of adsorbed dyes 

separated by f a t t y a c i d monolayers(26), but with the 

development of improved techniques monolayers of dyes 

themselves were incorporated i n t o these systems(8). Various 

energy t r a n s f e r processes i n v o l v i n g dyes have been 

demonstrated(8,27), i n c l u d i n g the work with s i l v e r h a l i d e s 
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mentioned i n s e c t i o n 2.2. A s t r i k i n g example of the 
e f f e c t i v e n e s s of the technique i s demonstrated by the systems 
shown i n F i g u r e 2.5(8). S i s a s e n s i t i s i n g dye and A an 
acceptor dye. i . e i n t h i s case S absorbs i n the u l t r a - v i o l e t 
and f l u o r e s c e s i n the blue. A absorbs i n the blue and 
f l u o r e s c e s i n the yellow. I f the system i s i r r a d i a t e d with 
UV l i g h t with a s u f f i c i e n t l y l a r g e d i s t a n c e ( a r a c h i d i c a c i d 
monolayers) between S and A the blue fluorescence of S 
appears s i n c e A does not absorb the UV r a d i a t i o n (case 2 ) . 
I f , however, there i s only a very small d i s t a n c e between them 
( ;$100X), the e x c i t a t i o n energy of S i s t r a n s f e r r e d to A and 
yellow f l u o r e s c e n c e appears (case 1 ) . The energy t r a n s f e r 
p r o c e s s i s confirmed by case 3 where no fluorescence i s 
observed. Mobius and co-workers are continuing t h i s 
fundamental work(28-32), with the ambitious aim of 
c o n s t r u c t i n g a r t i f i c i a l organised aggregates ( o r g a n i s a t e s ) 
which could simulate some of the complex systems e x i s t i n g i n 
n a t u r e ( 3 3 ) . 

Sugi et a l have extended the work of Kuhn by studying 

p h o t o e l e c t r i c a l e f f e c t s i n systems incorporating LB f i l m s of 

dyes. They have demonstrated a marked anisotropy i n the 

photoconductivity of dye LB f i l m s , with that i n the plane of 
3 4-

the f i l m being 10 to 10 times l a r g e r than that normal to 

the plane(34,35). By varying a s i n g l e atom i n the 

chromophore s t r u c t u r e of merocyanine dyes they have shown 

t h a t the l a t e r a l photoconductivity i n c r e a s e s with the degree 

of aggregation o c c u r r i n g between dye molecules, evinced by 

the i n c r e a s e d tendency for the dyes containing heavier atoms 

to e x h i b i t J-band absorption. This work i s continuing with 

the aim of optimising the necessary c r i t e r i a to produce an 
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e f f i c i e n t organic photovoltaic c e l l ( 3 6 , 3 7 ) . 

Recent work with dye LB f i l m s has included s t u d i e s of 

t h e i r e f f e c t s upon s u r f a c e plasmon resonance of m e t a l l i c 

s u b s t r a t e s C 3 8 ) . The coupling which occurs between the dye 

e x c i t o n s and the s u r f a c e plasmons suggests a p o t e n t i a l for 

a p p l i c a t i o n i n the development of transducers based upon 

o p t i c a l f i b r e s and r e l a t e d systems. 

C h a r a c t e r i s a t i o n and development of s t a b l e 

phthalocyanine dyes i n LB f i l m form i s a l s o continuing(39). 

U t i l i s a t i o n of the i n s u l a t i n g p r o p e r t i e s of these f i l m s i s 

d i s c u s s e d l a t e r i n t h i s t h e s i s . 

2.5 SUMMARY 

This chapter has d i s c u s s e d the o r i g i n s of the o p t i c a l 

p r o p e r t i e s of dyes, and the p h y s i c a l b a s i s for the process of 

dye s e n s i t i s a t i o n . Past work has suggested that dyes i n LB 

f i l m form may be used i n t h i s process, though most dyes used 

have required the s u b s t i t u t i o n of long hydrocarbon chains 

onto the molecules. The r e s u l t s of the c h a r a c t e r i s a t i o n and 

use of an u n s u b s t i t u t e d merocyanine dye i n LB f i l m form are 

presented i n Chapter 6, using the LB f i l m technology 

d i s c u s s e d i n Chapter 4. 



26 

ILECTEQLUMIHESCENT DEVICES 

Electroluminescence ( E L ) i s the d i r e c t conversion of 

e l e c t r i c a l energy i n t o l i g h t , as d i s t i n c t from other p o s s i b l e 

energy to l i g h t processes such as thermolximinescence. This 

chapter d i s c u s s e s the p h y s i c s of the processes involved i n EL 

and some of the s t r u c t u r e s used to achieve i t . The account 

of the theory of Schottky b a r r i e r s and thin-MIS diode 

s t r u c t u r e s i s given i n some d e t a i l , s i n c e i t was these 

s t r u c t u r e s that were studied i n t h i s research. 

3.1 INTRQDUCTIQN 

I n general, luminescence i s the emission of l i g h t by a 

m a t e r i a l when supplied with energy. The method of e x c i t a t i o n 

of the m a t e r i a l d i s t i n g u i s h e s the types of luminescence - (a) 

photoluminescence, where e x c i t a t i o n i s by l i g h t or X-rays; 

(b) cathodoluminescence, by f a s t e l e c t r o n s ; ( c ) 

radioluminescence, by other f a s t p a r t i c l e s or high energy 

r a d i a t i o n ; (d) thermoluminescence, by heating e f f e c t s ; and 

( e ) electroluminescence, by d.c or a.c e l e c t r i c a l f i e l d s . 

EL, as st u d i e d here, has s p e c t r a l c h a r a c t e r i s t i c s of 

r e l a t i v e l y narrow bandwidth. Of p a r t i c u l a r i n t e r e s t are 

d e v i c e s emitting v i s i b l e l i g h t , i . e i n the wavelength range 

400nm to 700nm. EL r e q u i r e s that a system must be capable of 

being e x c i t e d e l e c t r i c a l l y , and that i t r e l a x e s from i t s 

e x c i t e d s t a t e v i a processes some of which are r a d i a t i v e , 

u s u a l l y e l e c t r o n - h o l e recombination. I n the following 
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s e c t i o n the processes of e x c i t a t i o n and recombination are 
d i s c u s s e d i n general terms. 

3.2 EXCmilQN AHD EECQMBIHATIQN EBQCESSES 
2.2.1 EsQltatlQQ 

T h i s s e c t i o n d e a l s f i r s t with the i n c r e a s e i n the free 

c a r r i e r population i n semiconductors by e l e c t r i c a l e x c i t a t i o n 

p r ocesses. Four processes are considered: avalanche 

m u l t i p l i c a t i o n , i n t e r n a l f i e l d emission, minority c a r r i e r 

i n j e c t i o n and e x c i t o n formation. 

Avalanche m u l t i p l i c a t i o n occurs i n r e c t i f y i n g s t r u c t u r e s 

such as p-n j u n c t i o n s and Schottky b a r r i e r s under strong 

r e v e r s e b i a s . At low reverse f i e l d s ($10 Vm ) e l e c t r o n s 

have average energies no higher than the equ i l i b r i u m value 

kT. However, at high f i e l d s (^lO^Vm'' ) e l e c t r o n s have much 

higher e n e r g i e s and are termed 'hot' ( a r e f l e c t i o n of the 

high temperatures needed to a t t a i n such energies t h e r m a l l y ) . 

These hot e l e c t r o n s can cr e a t e electron-hole p a i r s by impact 

i o n i s a t i o n of l a t t i c e or impurity atoms, and these e x c i t e d 

c a r r i e r s can themselves c r e a t e f u r t h e r p a i r s , leading to an 

avalanche e f f e c t . I f breakdown does not occur, the increased 

population of e l e c t r o n s and holes i n the depletion region 

w i l l r e s u l t i n recombination. An a l t e r n a t i v e high f i e l d 

e f f e c t i n Schottky b a r r i e r s i s i n t e r n a l f i e l d emission, where 

f r e e c a r r i e r s are generated by f i e l d enhanced quantum 

mechanical t u n n e l l i n g . At a s u f f i c i e n t l y high reverse b i a s , 

the degree of band bending w i l l reduce the s p a t i a l separation 

between bound e l e c t r o n s and the conduction band to a 

t u n n e l l a b l e d i s t a n c e . E l e c t r o n s may reach the conduction 

band from the metal, from impurity atoms, or even from the 
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semiconductor valence band (Zener e f f e c t ) , r e s u l t i n g again i n 
an i n c r e a s e d population of f r e e c a r r i e r s i n the depletion 
region. These two high f i e l d e f f e c t s are u s u a l l y 
complementary, the dominance of one being a function of the 
system used. 

I t i s normally p r e f e r a b l e to be able to operate devices 

at lower f i e l d s , and t h i s can be achieved with minority 

c a r r i e r i n j e c t i o n . When, f o r example, a p-n junction i s 

forward biased the p o t e n t i a l b a r r i e r between the two 

semiconductor regions i s lowered and a current w i l l flow. 

One component of t h i s current w i l l be the d i f f u s i o n of 

e l e c t r o n s i n t o the p-type region and of holes i n t o the n-type 

region, where they become minority c a r r i e r s . These may 

combine with the majority c a r r i e r s , p o s s i b l y r a d i a t i v e l y . 

A l t e r n a t i v e c urrent mechanisms and other f a c t o r s complicate 

t h i s s i m p l i s t i c view of minority c a r r i e r i n j e c t i o n ; 

furthermore the p-n homojunction cannot be f a b r i c a t e d with 

some semiconductors and MIS diodes are used to achieve 

i n j e c t i o n EL. As t h i s r e s t r i c t i o n a p p l i e s to mat e r i a l s 

s t u d i e d here, minority c a r r i e r i n j e c t i o n i n MIS s t r u c t u r e s i s 

d i s c u s s e d i n d e t a i l i n 3.5. 

An e x c i t o n i s formed by a fr e e e l e c t r o n and a fr e e hole 

becoming bound together i n a hydrogenic o r b i t as a r e s u l t of 

the Coulombic force a c t i n g between them. E l e c t r o n s can enter 

e x c i t o n i c s t a t e s through a number of e x c i t a t i o n processes. 

E x c i t o n s have s l i g h t l y lower energies than f r e e c a r r i e r s and 

e x i s t i n the forbidden gap j u s t below the conduction band. 

They can move through the c r y s t a l l a t t i c e without a net flow 

of c u r r e n t as t h e i r energy i s t r a n s f e r r e d from one atom to 

the next. I f an e x c i t o n becomes bound to an impurity centre, 
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the high l o c a l i s a t i o n of the e l e c t r o n w i l l extend i t s wave 
f u n c t i o n i n momentum space. This i n c r e a s e s the p r o b a b i l i t y 
of phonon-free recombination i n i n d i r e c t gap mat e r i a l s at 
near bandgap e n e r g i e s (see 3.2.2.), and i s of s i g n i f i c a n c e to 
the EL e f f i c i e n c y of nitrogen doped GaP, for instance. 

2.2.2. Badia^lYS B£CQiDbifia^iQ8 
There a r e a l s o a number of processes by which an excite d 

c a r r i e r may l o s e i t s excess energy. Some of these are 

r a d i a t i v e processes d e s i r a b l e for EL; i n d i r e c t competition 

are n o n - r a d i a t i v e processes. The predominance of the f i r s t 

over the second i s necessary f o r e f f i c i e n t EL. Those methods 

of recombination r e s u l t i n g i n the emission of l i g h t are 

depict e d by Figu r e 3.1. 

Interband recombination ( a ) w i l l occur i f a conduction 

e l e c t r o n encounters a valence hole, producing a photon of 

energy '^E^ . Some s p e c t r a l broadening occurs due to the 

thermal d i s t r i b u t i o n of c a r r i e r s , but higher energy emission 

(b , c ) i s l i m i t e d because r a d i a t i v e decay times are much 

longer than the l a t t i c e s c a t t e r i n g times of the hot c a r r i e r s 

(an exception i s at low temperatures and at very high 

e x c i t a t i o n l e v e l s such as for avalanche m u l t i p l i c a t i o n ) . The 

r e l a t i v e p o s i t i o n i n momentum space of the conduction band 

minimum and valence band maximum d i c t a t e whether these 

t r a n s i t i o n s are d i r e c t or i n d i r e c t . T r a n s i t i o n s between 

bands can only occur i f both momentum and energy are 

conserved. Hence an i n d i r e c t t r a n s i t i o n i s l e s s l i k e l y as 

the emission of a number of phonons with s p e c i f i c energy i s 

re q u i r e d ( i . e a change i n momentum by i n t e r a c t i o n with 

l a t t i c e v i b r a t i o n s ) . Note, however, that near bandgap 
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emission can be obtained from a bound ex c i t o n without t h i s 
l i m i t a t i o n , s i n c e the binding impurity can be involved i n 
conserving momentum. 

Impurity l e v e l s i n the forbidden gap can give EL from 

e i t h e r conduction band to acceptor (d) or donor to valence 

band ( e ) t r a n s i t i o n s . To act as e f f i c i e n t r a d i a t i v e 

recombination c e n t r e s they must be f a i r l y deep i n the gap i f 

thermal a c t i v a t i o n of the captured c a r r i e r i s not to 

dominate. The use of deep centres for v i s i b l e EL ( f ) i s 

l i m i t e d to wide bandgap semiconductors s i n c e the energies of 

emitted photons are c l e a r l y s i g n i f i c a n t l y l e s s than for 

interband recombination. 

F i n a l l y , the Coulombic force between donors and 

a c c e p t o r s i n h i g h l y doped semiconductors can cause them to 

a s s o c i a t e i n t o p a i r s , between which recombination can occur 

( g ) . Again t h i s process i s i n competition with thermal 

a c t i v a t i o n , and i s a l s o l i m i t e d by the s p a t i a l separation of 

the p a i r . 

3.2-3. NQBrEadiative Eeeembination 

C l e a r l y the recombination of c a r r i e r s without the 

production of l i g h t i s undesirable i n EL devices. However, 

c e r t a i n processes do have t h i s property. I n Auger 

recombination an e x c i t e d e l e c t r o n dropping from the 

conduction band to a lower energy s t a t e can impart i t s energy 

to another conduction band e l e c t r o n , promoting i t to a higher 

l e v e l i n the band. T h i s second e l e c t r o n merely d i s s i p a t e s 

i t s e xcess energy as heat as i t returns to the band bottom. 

Other combinations of c a r r i e r s may be involved i n t h i s 

p r o c ess. An e l e c t r o n may a l s o l o s e energy by multiphonon 
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emission. As phonon energies are small i n comparison to 
bandgaps t h i s i s only probable where impurity l e v e l s break 
the t r a n s i t i o n i n t o smaller stages. F i n a l l y , the presence of 
a l a r g e number of defect s t a t e s at the semiconductor surface 
can s i g n i f i c a n t l y i n c r e a s e l o s s e s i n e f f i c i e n t l i g h t output. 

3.3. ELECTBQLUMIHESCENT EEEICIEHCX 
There are a number of ways of d e f i n i n g the e f f i c i e n c y of 

an EL device. D i f f e r e n t methods are relevant to the 

c h a r a c t e r i s a t i o n of a system, the assessment of a p r a c t i c a l 

d e v i c e and the a p p l i c a b i l i t y of a device to a p a r t i c u l a r 

requirement. T h i s s e c t i o n d i s c u s s e s each of these methods. 

3.3.1. I n t e r n a l Quantum E f f i e i e s c y 

The i n t e r n a l quantum e f f i c i e n c y of a system (n-,), a l s o 

known as the l i g h t generation e f f i c i e n c y , i s a measure of the 

r a t i o of r a d i a t i v e to non-radiative recombination. Since the 

p r o b a b i l i t i e s of recombinations are given by 

= 1/tr (3.1) 

and P„^ = 1/tnr (3.2) 

where t ^ and t̂ p̂ are the r a d i a t i v e and non-radiative 

l i f e t i m e s , i t fol l o w s that 

nj = 1/(1 + t^/tpp) (3.3) 

T h i s i s the e f f i c i e n c y of the luminescent process i t s e l f and 

may a l s o be defined as the number of photons generated within 

the device per e l e c t r o n supplied. 

3.3.g. E x t e r n a l Quantum E f f i Q i e n c y 

The o v e r a l l e f f i c i e n c y of a device i s fur t h e r l i m i t e d by 

l i g h t e x t r a c t i o n d i f f i c u l t i e s r e s u l t i n g from absorption and 
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i n t e r n a l r e f l e c t i o n . Near bandgap l i g h t i n p a r t i c u l a r w i l l 
be s t r o n g l y absorbed on i t s way to the semiconductor surface, 
and with d e v i c e s f a b r i c a t e d on strongly absorbing s u b s t r a t e s , 
such as the ZnSeS-GaAs system used here, l i g h t can only 
escape upwards. For MS and MIS s t r u c t u r e s , further 
absorption w i l l occur i n the top electrode, r e s u l t i n g i n a 
net a t t e n u a t i o n exp^-(e(sds + <<n̂ d,v>)̂  , where d^ and d„ are the 
d i s t a n c e s t r a v e r s e d i n the semiconductor and metal, and 
and t h e i r absorption c o e f f i c i e n t s (themselves wavelength 

dependent). Since the semiconductor w i l l always have a 

r e f r a c t i v e index (n) greater than that of a i r (n^-^ = 1), 

l i g h t w i l l be p a r t i a l l y r e f l e c t e d at the i n t e r f a c e with a 

r e f l e c t i o n c o e f f i c i e n t 

R = ( n - l ) ^ / ( n + l ) ^ (3.4) 

Also l i g h t i n c i d e n t on the surface at an angle greater than 

the c r i t i c a l angle, fl^ = s i n ~ ' ( l / n ) , w i l l be t o t a l l y 

r e f l e c t e d . These f a c t o r s together give the l i g h t e x t r a c t i o n 

e f f i c i e n c y 

^ext = ^1-^) (l-cos0c)exp^-(o(sds + K^d^;^ (3.5) 

Note that r e f l e c t i o n e f f e c t s alone l i m i t the l i g h t e x t r a c t i o n 

e f f i c i e n c y of a simple MIS LED to <7% f o r a t y p i c a l 

semiconductor with n = 2.5. This can be improved with index 

matching encapsulents and optimised device geometry. A f i n a l 

f a c t o r i s of course that the minority c a r r i e r i n j e c t i o n r a t i o 

(^) l i m i t s the number of c a r r i e r s a c t u a l l y a v a i l a b l e for 

recombination from those supplied. Hence, an e x t e r n a l 

quantum e f f i c i e n c y can be defined 
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2-2.2. £fise£ CQ&YezsiQfi EificiesQy 
I n p r a c t i c e , i t i s e a s i e s t to measure e f f i c i e n c y as the 

t o t a l energy of the emitted l i g h t as a function of the 

e l e c t r i c a l energy supplied to the device. The radiant f l u x 

can be measured with a s u i t a b l e c a l i b r a t e d photodetector and 

compared with that of a device of known e f f i c i e n c y . This 

e f f i c i e n c y would be equal to the quantum e f f i c i e n c y i f the 

b i a s a p p l i e d to the device m u l t i p l i e d by the e l e c t r o n i c 

charge ( e ) was equal to the energy of the emitted photons 

i n p r a c t i c e , the voltage i s a l s o dropped elsewhere (e.g at 

the i n t e r f a c i a l b a r r i e r i n the ZnSeS-GaAs system). Power 

conversion e f f i c i e n c i e s have been measured i n t h i s work, but 

i t i s p o s s i b l e to estimate both e x t e r n a l and i n t e r n a l quantum 

e f f i c i e n c i e s from these. 

3.3.^. LumiBQus E f f i e i e e e y 
I f a device i s to be used as a v i s i b l e LED the 

s e n s i t i v i t y of the human eye must be considered. This i s not 

uniform, but v a r i e s with wavelength as shown i n Figure 3.2, 

with a maximum at 556 nm. I f the s p e c t r a l emission of a 

device i s s i g n i f i c a n t at wavelengths where eye s e n s i t i v i t y 

changes r a p i d l y , the output and eye response should be 

i n t e g r a t e d together to give the luminous e f f i c i e n c y i n lumens 

per watt (maximum eye s e n s i t i v i t y = 680 ImW ' ) . S i m i l a r 

c o n s i d e r a t i o n s apply when matching an LED to a photodetector. 

The f o l l o w i n g s e c t i o n s describe EL device s t r u c t u r e s . 

The p-n homojunction used to achieve minority c a r r i e r 

i n j e c t i o n i n most commercial I I I - V devices i s discussed 

f i r s t . There follows a more d e t a i l e d consideration of 
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n e a r - i d e a l Schottky b a r r i e r s and p r a c t i c a l MIS diodes as used 
i n t h i s work. F i n a l l y some a l t e r n a t i v e EL device s t r u c t u r e s 
ar e summarised. 

3.4 THE prD HQMQsTUHCTIQN 
When p-type and n-type m a t e r i a l s are brought together to 

form a p-n j u n c t i o n , minority c a r r i e r s w i l l flow from each of 

the regions u n t i l t h e i r Fermi l e v e l s are aligned. The charge 

on the i m p u r i t i e s thus i o n i s e d i n the region of the junction 

w i l l cause an e l e c t r o s t a t i c d i f f u s i o n p o t e n t i a l Vj^ , as shown 

i n F i g u r e 3.3(a). The region depleted of majority c a r r i e r s 

( t he d e p l e t i o n region W ) i s of much higher r e s i s t i v i t y than 

the bulk of the semiconductor; consequently, any applied b i a s 

w i l l be p r i m a r i l y dropped there. I t can be shown that 

= ln(n„/np)kT/e 

= ln(pp/p^)kT/e (3.7) 

where n„ i s the e l e c t r o n concentration i n the n-type region 

e t c . T y p i c a l l y V^^~1V and w Ijim. Reverse b i a s can create 

l a r g e e l e c t r i c f i e l d s i n the depletion region leading to 

avalanche m u l t i p l i c a t i o n and i n t e r n a l f i e l d emission (see 

3.2.1). More s i g n i f i c a n t , however, i s forward b i a s which 

lowers the p o t e n t i a l b a r r i e r by the applied voltage V, as 

shown i n Figure 3.3(b), and causes current to flow. The 

d i f f u s i o n c u r r e n t , , i s the i n j e c t i o n of minority c a r r i e r s 

according to the Shockley equation 

= e(Dnnpo/Ln + Dpp^/Lp)|exp(eV/kT) -1^ (3.8) 

where D„ and Dp are the c a r r i e r d i f f u s i o n c o e f f i c i e n t s , L„ 

and Lp the c a r r i e r d i f f u s i o n lengths, n^^ and p^o the 

e q u i l i b r i u m minority c a r r i e r concentrations, and V = Vj^ -

V I . For p r a c t i c a l EL devi c e s the c a r r i e r component giving 
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F i g u r e 3.3 Schematic diagram of a p-n homojunction ( a) i n equilibrium 

and (b) under forward b i a s . 
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the most e f f i c i e n t r a d i a t i v e recombination w i l l be made to 
dominate. P r a c t i c a l p-n homojunction LEDs can achieve values 
of S (see 3.3.2) approaching unity, hence t h e i r appeal. 

An unwelcome co n t r i b u t i o n to the current flow i s due to 

no n - r a d i a t i v e recombination v i a impurity l e v e l s around the 

d e p l e t i o n region. T h i s i s given by 

Jp «• exp(eV/nkT) (3.9) 

where n i s normally between 1 and 2. This l o s s mechanism i s 

minimised by c a r e f u l c o n t r o l of i m p u r i t i e s during c r y s t a l 

growth. Other d e v i a t i o n s from equation (3.8) are caused by 

interband t u n n e l l i n g , the 'high i n j e c t i o n condition' (occurs 

when the f i e l d a c r o s s the semiconductor bulk i s not 

n e g l i g i b l e ) , and surf a c e leakage. These are generally 

i n s i g n i f i c a n t at the operating voltages of conventional p-n 

j u n c t i o n LEDs. 

3.5 THE NEARrIDEAL SCHQTTKY BAEEIER 

T h i s s e c t i o n considers the use of Schottky diodes as EL 

s t r u c t u r e s , f i r s t l y the i d e a l case of an abrupt 

metal-semiconductor i n t e r f a c e , and then with allowance for 

the presence of an i n t e r f a c i a l region. The e l e c t r i c a l 

p r o p e r t i e s of such devices ( c o n d u c t i v i t y , capacitance, 

photoresponse) are then d i s c u s s e d . 

3.5.1 The I d g a l SchQttky B a r r i e r 

F i g u r e 3.4a shows a band diagram for the i d e a l case of a 

metal i n contact with an n-type semiconductor. For t h i s 

case, where the metal work funct i o n (^m) i s greater than the 

semiconductor e l e c t r o n a f f i n i t y (7-^), charge has flowed from 

the semiconductor to the metal to a l i g n t h e i r Fermi l e v e l s i n 
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e q u i l i b r i u m . The r e s u l t a n t b u i l d up of charge at the metal 
s u r f a c e i s balanced by a d i s t r i b u t e d space charge region of 
width w i n the semiconductor ( a l s o known as the depletion 
r e g i o n ) . A b a r r i e r of height 

^bn = ^m-')^s (3.10) 

e x i s t s a t the j u n c t i o n , though the b a r r i e r to e l e c t r o n s i n 

the semiconductor conduction band i s only , the d i f f u s i o n 

voltage ( i . e the degree of band bending). Figures 3.4b and 

3.4c show the band diagrams for forward and reverse b i a s . I n 

r e v e r s e b i a s EL may be produced by avalanche m u l t i p l i c a t i o n 

or i n t e r n a l f i e l d emission, as described i n 3.2.1. In 

forward b i a s the band bending i s reduced and a current flows. 

Minority c a r r i e r s ( i n t h i s case h o l e s ) i n j e c t e d i n t o the 

semiconductor are a source of EL v i a r a d i a t i v e recombination 

with m a j o r i t y c a r r i e r s . A t y p i c a l minority c a r r i e r i n j e c t i o n 

r a t i o ( y ) f o r such a s t r u c t u r e i s -vlO ^, i n s u f f i c i e n t for an 

e f f i c i e n t EL device. However, the r e l a t i v e ease of 

f a b r i c a t i o n ' of t h i s device compared with p-n j u n c t i o n s , and 

indeed the l a c k of v i a b l e p-n junctions with I I - V I 

semiconductors, make t h i s commercially a t t r a c t i v e . And 

s i g n i f i c a n t improvements i n ^ are p o s s i b l e , as shown i n 3.6. 

Equation 3.10, known as the Schottky-Mott r e l a t i o n ( 1 , 2 ) , 

i s l i m i t e d by the assumption that surface contributions to <f>^ 

and are not a l t e r e d by t h e i r intimate contact. I n t e r f a c e 

s t a t e s , most simply p i c t u r e d as the 'dangling bond' of an 

unpaired e l e c t r o n a s s o c i a t e d with a surface atom, cause the 

experimentally observed d e v i a t i o n of (^j^^ from the l i n e a r 

r e l a t i o n s h i p to of equation 3.10. Bardeen(3) proposed 

that the charge l o c a l i s e d i n these i n t r i n s i c s urface s t a t e s , 

and e x t r i n s i c s t a t e s due to d e f e c t s and i m p u r i t i e s , could be 
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dominant i n the formation of the semiconductor depletion 
region. F i g u r e 3.5a shows t h i s case where band bending 
occurs before the metal and semiconductor are i n equilibrium, 
due to l o c a l i s e d charge i n a high density of sur f a c e s t a t e s . 
When brought together i n 3.5b the movement of charge required 
t o a l i g n the Fermi l e v e l s i s accomodated by the surface 
s t a t e s , g i v i n g a b a r r i e r height 

as the d e n s i t y of sur f a c e s t a t e s , D^-^«? . The surface 

semiconductor Fermi l e v e l remains unchanged with respect to 

i t s conduction and valence band edges - t h i s i s Fermi l e v e l 

'pinning'. <̂ o i s defined as the l e v e l to which the surface 

s t a t e s of the semiconductor are f i l l e d to achieve a n e u t r a l 

s u r f a c e . Eg i s the semiconductor bandgap. I n t h i s case the 

b a r r i e r height i s independent of the metal work function, 

though i n general i t i s dependent to some extent on both 

i n t e r f a c i a l charge and work function. 

The Bardeen model, extended i n the next s e c t i o n to allow 

f o r the necessary presence of some i n t e r f a c i a l l a y e r , has 

been found to be s a t i s f a c t o r y for the a n a l y s i s of most 

p r a c t i c a l Schottky diodes. However, many extensions and 

r e v i s i o n s to t h i s theory have been proposed, and the reader 

i s r e f e r r e d to some of these(4,5,6,7). I n p a r t i c u l a r these 

draw a t t e n t i o n to the e f f e c t s of s u r f a c e chemical r e a c t i o n s 

on b a r r i e r formation. 

3.5.2 i n t e r f a s i a i Layer E f f e e t s 
The n e a r - i d e a l Schottky b a r r i e r i s one i n which a very 

t h i n i n s u l a t i n g region e x i s t s between the metal and 

semiconductor. I t s presence i s required for a n a l y s i s of the 



LU 

c 

LU 
E 

X 

I 

Q / 

UJ 

0) 
«H 0) 
O •P 

0) 
a FH 
o <V 0) 
•ri +> PH 

cO <D 
«5 m 
e (Q 

FH 
o 0) O O +3 a O 0) CH 
A FH -d +3 pl PI 

CO o 
100 o 
PI •H 

too 6 (1) O ,d CO 
PH -d 0) PI 
•d a 

s •H H 
(d ^ 
FH 
t» FH 0) 
03 <D 
•H •H 
-d FH 

FH 03 
-d 0] 
a A 
c6 

PH 
4J +3 too +J •H 

FH O CO 
Q) ,4 PI 
PI O M W •d 

CO 
to 
0) 
FH pl 
too 
•H 

FH 
A 
•H 
H 
•H ?3 
0) 
PI 
•H 



38 

Bardeen model s i n c e otherwise the metal would ac t as i f to 
s c r e e n the e f f e c t of the s u r f a c e s t a t e s . I n the a n a l y s i s by 
Cowley and S2e(8) i t i s assumed to be capable of withstanding 
a p o t e n t i a l , but transparent to quantum mechanical t u n n e l l i n g 
of e l e c t r o n s and g e n e r a l l y of n e g l i g i b l e e f f e c t upon the 
c u r r e n t t r a n s p o r t p r o p e r t i e s of the diode. By a l s o assuming 
th a t i n t e r f a c e s t a t e s were only present at the s u r f a c e of the 
semiconductor, and that they were evenly d i s t r i b u t e d across 
the energy gap, they derived an approximate equation 

<p^^ - UCp^ - r ^ ) + (1 - K ) ( E ^ - <^o) - (3-12) 
where K = £•,/(£•, + eSD^) 

Here and % are the p e r m i t t i v i t y and t h i c k n e s s of the 

i n t e r f a c i a l l a y e r , and tt.4>^^ the b a r r i e r image force lowering 

due to the Schottky e f f e c t (see Figure 3.6a). This lowering 

e f f e c t ( 9 ) i s due to the a t t r a c t i o n between an e l e c t r o n away 

from the metal s u r f a c e and the p o s i t i v e charge i t induces at 

that s u r f a c e . A maximum i n the Schottky b a r r i e r p o t e n t i a l i s 

hence created a small d i s t a n c e from the metal-semiconductor 

i n t e r f a c e . T h i s i s only a small e f f e c t ('v0.04eV), but being 

b i a s dependent the change i n b a r r i e r height w i l l a l t e r the 

e x p o n e n t i a l l y r e l a t e d current c h a r a c t e r i s t i c s (see s e c t i o n 

3.5.3). Note that i n the l i m i t s Dg ^ 0 and D^ -=» «> , 

equation 3.12 g i v e s the Schottky-Mott r e l a t i o n and the 

Bardeen equation r e s p e c t i v e l y . I f a n e g l i g i b l e proportion of 

any a p p l i e d b i a s V i s assumed to be dropped across the 

i n s u l a t i n g l a y e r , V w i l l contribute wholly to band bending i n 

the semiconductor, as i n the forward b i a s case shown i n 

F i g u r e 3.6b. Hence at the s u r f a c e the conduction and valence 

band edges w i l l not be s h i f t e d r e l a t i v e to the metal Fermi 

l e v e l . The amount of charge stored i n the i n t e r f a c e s t a t e s . 
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F i g u r e 3.6 Energy band diagram of a Schottky b a r r i e r incorporating a 

t h i n i n t e r f a c i a l l a y e r ( a ) i n e q u i l i b r i u m and (b) under 

forward b i a s . 
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dependent on the r e l a t i v e p o s i t i o n of the metal Fermi l e v e l 
w i l l thus remain constant with changing b i a s . T h i s further 
j u s t i f i e s t r e a t i n g the e f f e c t of the i n s u l a t o r as n e g l i g i b l e 
i n most a n a l y s i s . 

The c h a r a c t e r i s t i c s of diodes f a b r i c a t e d with the aim of 

minimising the i n t e r f a c i a l l a y e r can be c l o s e to those of 

t h i s n e a r - i d e a l model. These are d i s c u s s e d i n the next 

s e c t i o n . 

2.§.3 EifiiStriQai Prcperties 
( a ) CQBduQtiYity — There are a number of mechanisms by 

which current could flow through a Schottky diode. E l e c t r o n s 

with s u f f i c i e n t energy w i l l be emitted over the b a r r i e r ; 

e l e c t r o n s with s l i g h t l y lower energies may tunnel through i t . 

I f holes are i n j e c t e d i n t o the semiconductor they may 

recombine with e l e c t r o n s e i t h e r i n the depletion region or 

the semiconductor bulk. The l a s t of these processes i s that 

d e s i r e d f o r EL, but as has already been sta t e d ^ i s very low 

f o r these d e v i c e s ( l O ) and recombination currents are 

n e g l i g i b l e . Quantum mechanical t u n n e l l i n g e f f e c t s are a l s o 

very small except at low temperatures or with heavy doping 

d e n s i t i e s . As i t i s e l e c t r o n emission over the b a r r i e r that 

w i l l dominate, only t h i s process i s considered here. To 

maintain emission e l e c t r o n s must d i f f u s e and d r i f t through 

the semiconductor bulk to the s u r f a c e , and for a time i t was 

disputed which process l i m i t e d current f l o w ( 2 , l l ) . However, 

i t i s now accepted that even where e l e c t r o n m o b i l i t i e s are 

low, the thermionic emission theory proposed by B e t h e ( l l ) 

best accounts f o r the current-voltage c h a r a c t e r i s t i c s of 

these d e v i c e s . 



40 

The thermionic emission theory i s favoured s i n c e i t s 
necessary assumption that the e l e c t r o n quasi-Fermi l e v e l 
remains f l a t throughout the d e p l e t i o n region has been shown 
to be v a l i d (quasi-Fermi l e v e l s w i l l not be discussed here, 
but the reader i s r e f e r r e d to (12) and ( 1 3 ) ) . This implies 
fo r an a p p l i e d b i a s V that a t the i n t e r f a c e the e l e c t r o n 
c o ncentration 

n = Nc,exp{-e(<^bn " V)/kT] (3.13) 
where i s the e f f e c t i v e d e n s i t y of s t a t e s i n the conduction 
band 

= 2(2irm*kT/h'')'''' (3.14) 

An i s o t r o p i c v e l o c i t y d i s t r i b u t i o n f o r e l e c t r o n s i n the 

semiconductor i s assumed, with mean thermal v e l o c i t y v ( f o r a 

Maxwellian v e l o c i t y d i s t r i b u t i o n v = (8kT/irm* )'**). The number 

of e l e c t r o n s c r o s s i n g u n i t a r e a of the i n t e r f a c e per second 

w i l l be nv/4, g i v i n g a current d e n s i t y i n t o the metal of 

'̂ srv, = (eN^v/4)(exp[-e(0b^ - V)/kT]) (3.15) 

Since there i s no net flow of current at zero b i a s , there 

must be a flow of e l e c t r o n s from the metal d i c t a t e d by the 

b a r r i e r height. Thus the net current d e n s i t y 

J = (eN^v/4)(exp^-e(<^b»% - V)/kT]) - (eN^v/4)exp[-e(^bn/^'r] 

= J^(exp^eV/kT -1)] (3.16) 
Jq i s the r e v e r s e s a t u r a t i o n current d e n s i t y and i s given by 

J o = A*T^exp{-e^„/kT] (3.17) 
where A* i s the e f f e c t i v e Richardson constant 

A* = 4irm*ek^/h^ (3.18) 

(m* = e l e c t r o n e f f e c t i v e mass). 

D i f f u s i o n theory i s based upon current flow i n the 

d e p l e t i o n region, and proposes(14) that current density i s 

given by 
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J = J^^xp(eV/kT) - 1^ (3.19) 
where J j = eNt)inE.exp(-e0bo''^T) (3.20) 
i}Xn = e l e c t r o n mobility; E = e l e c t r i c f i e l d i n b a r r i e r ) . 
Note t h a t i s not a s a t u r a t i o n current, but dependent upon 
E and hence the a p p l i e d b i a s . 

Crowell and Sze(15) have combined these two t h e o r i e s to 

give a general expression 

J = eN^v^/(l + v^/v^) 

xJexp(-e^bn/kT)] (exp(eV/kT) - l ] (3.21) 

where v^ i s an e f f e c t i v e recombination v e l o c i t y and -v^ an 

e f f e c t i v e d i f f u s i o n v e l o c i t y at the p o t e n t i a l energy maximum 

cr e a t e d by the Schottky e f f e c t . However, except for very low 

m o b i l i t i e s the thermionic emission theory s u f f i c e s ( 1 2 ) . 

Nonetheless, r e a l diodes show a c h a r a c t e r i s t i c b etter 

d e s c r i b e d f o r V ^ 3kT by 

J = J^5exp(eV/nkT) (3.22) 

where n here i s c a l l e d the i d e a l i t y f a c t o r . I n p r a c t i c e n i s 

always g r e a t e r than unity as a r e s u l t of b a r r i e r height b i a s 

dependence and a f i n i t e i n t e r f a c i a l l a y e r (see s e c t i o n 3.6). 

For the same reasons the reverse current w i l l not saturate. 

For v a l u e s of n c l o s e to one a p l o t of l n ( J ) against V i s 

l i n e a r and g i v e s the b a r r i e r height using equation 3.17. 

However, i t should be noted that for la r g e b i a s e s s e r i e s 

r e s i s t a n c e a s s o c i a t e d with the semiconductor bulk and i t s 

back contact w i l l begin to dominate the c h a r a c t e r i s t i c . 

(b) Capacitanee — The d e p l e t i o n region charge opposing 

the charge on the metal i n a Schottky b a r r i e r leads to a 

cap a c i t a n c e . T h i s capacitance i s b i a s dependent since 

d e p l e t i o n region width v a r i e s with voltage. Making the 

approximation that i n the d e p l e t i o n region the charge density 
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i s a constant eNj (Nj = donor d e n s i t y ) and zero elsewhere. 
Gauss's Law(16) g i v e s the de p l e t i o n region charge at zero 
b i a s as 

= (aeseNjV^)''* (3.23) 

T h i s capacitance i s u s u a l l y measured by applying an ac 

modulation to a dc rev e r s e b i a s , leading to a d i f f e r e n t i a l 

c a p a citance 

Ca = dQj/dV = •^e6sNa/2(Va-kT/e)| (3.24) 

Here the e q u i l i b r i u m d i f f u s i o n voltage has been replaced by 

" ^<lo " "̂ 6̂ kT/e term a r i s e s when the depletion 

approximation i s not made. Note that t h i s d e r i v a t i o n assumes 

th a t only i o n i s e d donor charge i s present i n the 

semiconductor - the e f f e c t of i n t e r f a c e s t a t e s i s considered 

i n s e c t i o n 3.6. When equation 3.24 i s v a l i d i t i s c l e a r that 

a p l o t of ag a i n s t V should be l i n e a r , with an i n t e r c e p t 

on the voltage a x i s 

Vq = Vj^-kT/e = ~ ̂  -kT/e (3.25) 

(symbols as Figure 3.6). A b a r r i e r height can thus be 

deduced from t h i s p l o t , but i t should be noted that t h i s 

value w i l l not take i n t o account image force lowering of the 

b a r r i e r by the Schottky e f f e c t . T h i s i s because c a r r i e r s do 

not a c t u a l l y c r o s s the b a r r i e r as they do i n con d u c t i v i t y 

measurements. 

( c ) P h o t o e l e c t r i c E f f e c t — Studies by Fowler(17) on the 

photoresponse of metal s u r f a c e s to monochromatic l i g h t l e d to 

the theory that the photocurrent per absorbed photon (R) for 

a Schottky b a r r i e r i s given by 

R = C(hv - h>?o f (3.26) 

where v i s the frequency of the l i g h t , h% equals the b a r r i e r 

height, and C i s a constant. T h i s r e q u i r e s that the photon 
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energy i s a t l e a s t 3kT greater than the b a r r i e r height, and 
con s i d e r a b l y l e s s than the energy gap between the b a r r i e r top 
and the bottom of the metal conduction band. A plot of R 
ag a i n s t hv i s l i n e a r with an i n t e r c e p t g i v i n g the height of 
the b a r r i e r a c t u a l l y presented to e l e c t r o n s . However, the 
problem e x i s t s of f r e e c a r r i e r s being generated i n the 
semiconductor d e p l e t i o n region as hv> approaches the band gap 
energy. T h i s can only be overcome by use of a top electrode 
t h i c k enough to absorb most i n c i d e n t l i g h t , but t h i n enough 
to allow photoexcited e l e c t r o n s from the metal to reach the 
semiconductor ('>'50nm f o r g o l d ) ( 1 8 ) . Since t h i c k top contacts 
are u n s u i t a b l e f o r the EL devices geometries required i n t h i s 
r e s e a r c h , l i t t l e use of t h i s technique has been made here. 

3 . 5 . 4 Minority C a r r i e r I n j e e t i Q n 

The minority c a r r i e r i n j e c t i o n r a t i o , , i s defined for 

an n-type m a t e r i a l as the r a t i o of the hole current to the 

t o t a l c u r r e n t 

y = J p / ( J p + J n ) (3.27) 

' ^ J p / J „ ( f o r low i n j e c t i o n >> J p ) 

Although expressions f o r if can be der i v e d by a n a l y s i s of hole 

c u r r e n t ( 1 5 ) components, i t i s s u f f i c i e n t here to note that 

«c exip[c-e/kTn4>^^ - <?^bn)] (3.28) 

such that if i s h i g h l y dependent on ( ^ b p - <^bn) (see Figure 

3.6). Since 0bp i s considerably l a r g e r than <^bn value of 

}f w i l l be very small, and w i l l remain so s i n c e (<^bp - ^ b n ) 

does not change s i g n i f i c a n t l y with b i a s . The incorporation 

of an i n s u l a t i n g l a y e r , however, allows the band realignment 

r e q u i r e d to i n c r e a s e ^. T h i s i s d i s c u s s e d i n the following 

s e c t i o n . 
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3.6 THE MEIALrlHSSLAIQB-SEMICQNDSCTQB DIQDE 
T h i s s t r u c t u r e takes the form shown i n Figure 3.7a i n 

e q u i l i b r i u m and 3.7b under forward b i a s . The i n s u l a t o r i s 

now considered to have a s i g n i f i c a n t e f f e c t on c a r r i e r 

t r a n s p o r t , and a s i g n i f i c a n t part of an applied voltage i s 

dropped acr o s s the i n s u l a t o r ( V ; ^ ) . The band edges are no 

longer 'pinned' r e l a t i v e to the metal Fermi l e v e l - the 

i n t e r f a c e charge and b a r r i e r height are both now bias 

dependent, as shown i n Figure 3.7b. I n simple terms the 

metal Fermi l e v e l can now move with respect to the 

semiconductor band s t r u c t u r e allowing both an i n c r e a s e of the 

b a r r i e r to e l e c t r o n s and a decrease of the b a r r i e r to holes. 

Hence the minority current can be enhanced. The next 

s e c t i o n s r e l a t e the necessary modifications to Schottky 

b a r r i e r theory to account for the i n s u l a t i n g l a y e r . 

3.6.1 MQdifisatiQns to E l e c t r i c a l P r o p e r t i e s 

( a ) CQEductivity — The change i n c o n d u c t i v i t y due to 

the presence of an i n s u l a t o r was analysed by Card and 

Rhoderick(19). They suggested that the main r e s u l t would be 

to a l t e r the value of J i n equation 3.22 to a term dependent 

upon the t h i c k n e s s of the i n s u l a t o r (̂> i n Angstroms) and the 

mean value of the b a r r i e r i t s energy gap c o n s t i t u t e d to 

c u r r e n t flow ( % ) , i . e 

J = exp(eV/nkT) (3.29) 

where J^o = Joexp(-1. OlT-'^S) 

The i d e a l i t y f a c t o r n was a l s o shown to vary as a r e s u l t of 

the b i a s dependence of ^bn- When the d e n s i t y of i n t e r f a c e 

s t a t e s i s low t h i s approximates to(15) 

n = 1 + ^e^/w^i (3.30) 
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F i g u r e 3.7 Energy band diagram of an MIS s t r u c t u r e ( a ) i n equilibrium 

and (b) under forward b i a s . 
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(^s ' = p e r i D i t t i v i t y of semiconductor and i n s u l a t o r 

r e s p e c t i v e l y , w = depletion region width). Card and 

Rhoderick a l s o derived an expression fo r n as a function of 

the d e n s i t y of i n t e r f a c e s t a t e s communicating with the metal 

and semiconductor, which i s not considered here. 

I n reverse b i a s the i n s u l a t o r has the e f f e c t of 

preventing s a t u r a t i o n , as i n t h i s case 4>^^ w i l l decrease with 

b i a s . T h i s decrease i s much l a r g e r than the Schottky e f f e c t 

lowering. 

(b) CapflQitaBCe — The f i r s t attempt to extend the 

a n a l y s i s of Ĉ "̂  vs V p l o t s from Schottky b a r r i e r s to MIS 

diodes was by Cowley(20). His a n a l y s i s considered the 

e f f e c t s of both the i n s u l a t o r and bias-dependent charge i n 

i n t e r f a c e s t a t e s . By d e r i v i n g r e l a t i o n s h i p s i n terms of the 

sums of p o t e n t i a l s due to charges i n the model ( e s s e n t i a l l y 

t h a t of Figure 3.7), he found expressions for the 

non-equilibrium band bending (V^) i n the semiconductor. 

These gave the space charge i n the semiconductor as a 

f u n c t i o n of b i a s , which he d i f f e r e n t i a t e d with respect to 

b i a s to give the d i f f e r e n t i a l capacitance. For the case of 

no s u r f a c e s t a t e s at the i n t e r f a c e he showed 

C/^ = (2/ee^Nd)(V + + V, /4 + v/'^Vj^'''-) (3.31) 

where V, = SeC^Nj (5 / )^ 

and assuming the d e p l e t i o n approximation. Although t h i s 

p r e d i c t s a l i n e a r r e l a t i o n s h i p with the same slope as that 

f o r a Schottky diode (equation 3.24), note that the i n t e r c e p t 

i s c o n s i d e r a b l y l a r g e r . L a t e r work based on that of Cowley 

extended h i s model(21) to account fo r i n t e r f a c e s t a t e s both 

at the metal and semiconductor s u r f a c e s . By assuming Ti^ and 

(the d e n s i t i e s of i n t e r f a c e s t a t e s communicating with the 
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metal and semiconductor r e s p e c t i v e l y ) are constant as a 
f u n c t i o n of energy, i t i s p o s s i b l e to derive an expression 
f o r d i f f e r e n t i a l capacitance such that 

C/^ = [2(1 + «<, + <<3, )/eeiNd(l (3.32) 

X Jv,/4(1 + «<, + «<i)(l +«{,) + V,'''V̂ '''̂ /(1 + «<,) 

+ V^(l + «<. + <<2.)/(l + «<,) +v] 

where = eD^^/€-i and = eD^\,i/^\ 

Again t h i s g i v e s a l i n e a r r e l a t i o n s h i p with the slope as for 

a Schottky b a r r i e r , and of course reduces to equation 3.31 

f o r the case = D^^ = 0. 

However, a fundamental e r r o r i n these d e r i v a t i o n s has 

been d i s c u s s e d by Fonash(22). He has pointed out that 

r e l a t i o n s h i p s of p o t e n t i a l s assuming q u a s i s t a t i c changes i n 

b i a s have been used to derive a d i f f e r e n t i a l capacitance. 

Where the charge i n i n t e r f a c e s t a t e s cannot respond qui c k l y 

enough to a high frequency a.c measuring s i g n a l these 

q u a s i s t a t i c values are i n v a l i d - the v a r i a t i o n of with the 

s i g n a l i s not a c c u r a t e l y described. Developing the model 

with a more c o r r e c t a.c a n a l y s i s of , Fonash has shown that 

C<j" vs V i s only l i n e a r for D^^ = Dsb = 0 ( i . e equation 

3.31), or i f a l l the i n t e r f a c e s t a t e s are communicating with 

the metal ( i . e D^^ and hence <<i.= 0 i n equation 3.32). For 

a l l other cases he p r e d i c t s a non-linear plot. 

I n t e r e s t i n g l y , none of h i s models p r e d i c t a l i n e a r 

c h a r a c t e r i s t i c with a slope and i n t e r c e p t dependent on 

i n s u l a t o r t h i c k n e s s . T h i s i s i n c o n t r a s t to many r e s u l t s 

presented here and elsewhere. 

These a n a l y s e s show that i n t e r p r e t a t i o n of C-V 

c h a r a c t e r i s t i c s for MIS s t r u c t u r e s i s f a r from simple, and 

cannot be expected to d i r e c t l y give an accurate measure of 
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d i f f u s i o n voltage. T h i s problem i s considered f u r t h e r i n the 
d i s c u s s i o n of r e s u l t s presented i n Chapter 7. 

3.6-2 EBhaneeseBt c f Minority C a r r i e r l a j e c t i O B 

The i n c r e a s e i n S due to the presence of an i n s u l a t i n g 

l a y e r , as suggested i n s e c t i o n 3.5.4, has been analysed 

t h e o r e t i c a l l y ( 2 3 ) . I n simple terms the optimum conditions 

a r e t h a t the i n s u l a t o r be t h i c k enough to allow the necessary 

realignment of bands between the metal Fermi l e v e l and the 

semiconductor, while t h i n enough to allow the minority 

c a r r i e r s to tunnel through i t . 

For very t h i n i n s u l a t o r s where band realignment i s 

i n s i g n i f i c a n t , and minority c a r r i e r current i s l i m i t e d by 

bulk d i f f u s i o n r a t h e r than the i n s u l a t o r . Card and 

Rhoderick(23) derived Jp to show that 

f = (eDpNv/LA*T^)exp(1^„''^S)exp^e(<^bn -0bp)/kT5 
X exp[eV(l/n^ - l/ne)/kT^ (3.33) 

Ny i s the e f f e c t i v e d e n s i t y of s t a t e s i n the valence band 

( c f N^), n^ and n^ act as hole and e l e c t r o n i d e a l i t y f a c t o r s , 

and L i s the d e p l e t i o n region width ( s t r i c t l y , the width of 

the region i n which c a r r i e r quasi-Fermi l e v e l s remain f l a t ) . 

For i n s u l a t o r s s u f f i c i e n t l y t h i c k to l i m i t the 

t u n n e l l i n g of minority c a r r i e r s , Card and Rhoderick 

considered hole c u r r e n t s at d i f f e r e n t b i a s e s . When the b i a s 

v o l t a g e i s g r e a t e r than that needed to a l i g n the metal Fermi 

l e v e l and the semiconductor valence band edge ( i . e V > ̂ S^p), 

they d e r i v e d the minority c a r r i e r i n j e c t i o n r a t i o as 

Y = (mp*/2m^.^)[e(V - <f>^^')/W^^ 

X exp(>„''iS^ - Tp"- Sp)exp(e<?5tn/kT) (3.34) 

where f ^ , Tp and apply f o r e l e c t r o n s and holes 
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r e s p e c t i v e l y as introduced i n equation 3.29. T h i s expression 
gave good agreement with s i l i c o n - s i l i c o n dioxide experimental 
r e s u l t s , where 5 could be i n c r e a s e d from 10 to over 10 
f o r an optimum i n s u l a t o r t h i c k n e s s . The d e r i v a t i o n of 3.34 
assumes an i d e a l i n s u l a t o r where quantum mechanical 
t u n n e l l i n g i s the l i m i t i n g c a r r i e r transport process. For an 
imperfect case the i n s u l a t o r presents l e s s of a b a r r i e r to 
c u r r e n t flow, and arguing q u a l i t a t i v e l y one would expect the 
optimum i n s u l a t o r t h i c k n e s s to be greater than for an i d e a l 
one. Indeed, i n t h e i r work with Au-LB film-GaP MIS diodes 
Batey e t a l ( 2 4 ) found optimum i n s u l a t o r t h i c k n e s s e s '«'27nm for 
two f i l m m a t e r i a l s , w e l l beyond the accepted t h i c k n e s s l i m i t 
f o r t u n n e l l i n g (^Snm). Although they appeared to f i n d an 
optimum t h i c k n e s s of 5.6nm when using phthalocyanine LB 
f i l m s ( 2 5 ) , recent p r e l i m i n a r y e l l i p s o m e t r y measurements(26) 
have suggested t h i s optimum may have been 'vlSnm. 

3.6-3 MIS L i g h t Emitting Diedgg 

C l e a r l y a s i g n i f i c a n t i n c r e a s e i n minority c a r r i e r 

i n j e c t i o n w i l l i n c r e a s e the electroluminescent e f f i c i e n c y of 

an MIS s t u c t u r e ( s e c t i o n 3.3). I n f a c t , enhancement of S i s 

w e l l e s t a b l i s h e d as a method of obtaining l i g h t from 

semiconductors, p a r t i c u l a r l y the non-amphoteric I I - V I 

compounds. Of p a r t i c u l a r i n t e r e s t i s the work by 

L i v i n g s t o n e ( 2 7 ) on ZnSe, who found a 10 - f o l d i n c r e a s e i n 

e f f i c i e n c y with i n s u l a t o r t h i c k n e s s e s up to 50nm, with l i t t l e 

subsequent change up to 200nm. I n t h i s case minority 

c a r r i e r s cannot have been i n j e c t e d by t u n n e l l i n g . One 

p o s s i b l e explanation(28) i s that hot e l e c t r o n s a r r i v i n g i n 

the metal undergo an Auger recombination process, and 
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t r a n s f e r s u f f i c i e n t energy to c r e a t e energetic holes capable 
of e n t e r i n g the valence band of the semiconductor. The 
i n h e r e n t i n e f f i c i e n c y of such a process i s thought to be the 
reason why to date achieved e f f i c i e n c i e s have been w e l l short 
of the t h e o r e t i c a l l e v e l s mentioned i n 3.3. I t i s possible 
t h a t a more e f f i c i e n t t u n n e l l i n g i n j e c t i o n could be achieved 
given a good, w e l l defined i n s u l a t o r . Batey et al(24,25) 
have alr e a d y shown that LB f i l m s can be used to f a b r i c a t e MIS 
EL s t r u c t u r e s on GaP. I n the present work the process has 
been extended to a I I - V I semiconductor. 

3.2 OTHER EL STEUCTURIS 

A l t e r n a t i v e s t r u c t u r e s do e x i s t f o r obtaining EL from 

I I - V I m a t e r i a l s . The p-n heterojunction i s another low f i e l d 

i n j e c t i o n device which has been i n v e s t i g a t e d ( 2 9 ) , but 

f a b r i c a t i o n d i f f i c u l t i e s have l i m i t e d these to low e f f i c i e n c y 

emission of mainly red l i g h t . Most r e s e a r c h i n t e r e s t i n new 

EL s t r u c t u r e s i s aimed at l a r g e area devices, e.g for f l a t 

panel d i s p l a y s . Thin f i l m s of s u i t a b l y doped ZnS phosphors 

have been s u c c e s s f u l l y incorporated i n t o a.c EL devices using 

an MISIM s t r u c t u r e . Progress with the equivalent d.c driven 

d e v i c e s has been l e s s encouraging to date, due to breakdown 

at 'hot-spots' caused by a l a c k of current l i m i t i n g between 

e l e c t r o d e s and the phosphor. Extensive reviews are a v a i l a b l e 

on such t h i n f i l m EL d e v i c e s ( e . g 30). I t should be noted 

t h a t these g e n e r a l l y r e q u i r e high ('vioov) operating voltages. 

3.S SUMMARY 

Th i s chapter has d i s c u s s e d the physics of 

electroluminescence, and some of the d e v i c e s used to a t t a i n 
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i t . P a r t i c u l a r emphasis has been placed upon 

metal-semiconductor and metal-insulator-semiconductor 

s t u c t u r e s . These have been shown to allow the i n j e c t i o n of 

m i n o r i t y c a r r i e r s , a source of r a d i a t i v e recombination and 

hence EL i n I I - V I m a t e r i a l s ( i n the absence of v i a b l e pn 

homojunctions). The predicted enhancement of minority 

c a r r i e r i n j e c t i o n by the presence of an i n s u l a t i n g l a y e r 

suggests an a p p l i c a t i o n for Langmuir-Blodgett f i l m s . An 

account of the current technology of these f i l m s i s presented 

i n the next chapter. 
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LAHGMHIB-BLQDGEII EILMS 

i - l IHIEQDHCTIQH 
When s o l u t i o n s of some organic m a t e r i a l s are introduced 

onto a water sur f a c e , they spread out to form a l a y e r one 

molecule t h i c k . T h i s monolayer w i l l remain present a f t e r 

evaporation of the solvent. By decreasing the area a v a i l a b l e 

t h i s monolayer can be l a t e r a l l y compressed and w i l l e x h i b i t 

p r o p e r t i e s analogous to that of a gas undergoing compression; 

as s u r f a c e pressure i n c r e a s e s the molecules i n the f i l m w i l l 

e x i s t i n phases which can be l i k e n e d to a two-dimensional 

gaseous , l i q u i d and e v e n t u a l l y s o l i d s t a t e . Such monolayers 

are termed Langmuir f i l m s . I f the monolayer can be 

maintained i n i t s s o l i d phase i t i s sometimes found that i t 

w i l l t r a n s f e r to a s u b s t r a t e passing through the 

monolayer-subphase i n t e r f a c e . Hence the substrate w i l l 

r e c e i v e monolayer coverage of the organic m a t e r i a l or, i n the 

case of repeated t r a v e r s a l of the i n t e r f a c e , coverage by 

m u l t i p l e l a y e r s . These t r a n s f e r r e d coatings are known as 

Langmuir-Blodgett (LB) f i l m s . U l t r a - t h i n f i l m s of such 

p r e c i s e l y c o n t r o l l a b l e t h i c k n e s s have many p o t e n t i a l 

a p p l i c a t i o n s i n p h y s i c a l , chemical and b i o l o g i c a l s c i e n c e s , 

( i n c l u d i n g the work reported h e r e ) . 

I n t h i s chapter, following a b r i e f h i s t o r i c a l 

i n t r o d u c t i o n , a d e s c r i p t i o n i s given of the equipment used to 

both c h a r a c t e r i s e and deposit LB f i l m s . Well e s t a b l i s h e d and 

novel m a t e r i a l s for use as LB f i l m s are d i s c u s s e d , and the 

methods for a s s e s s i n g monolayer formation and deposition 
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d e s c r i b e d . F i n a l l y , a stimmary i s given of the p o t e n t i a l 
a p p l i c a t i o n s for these f i l m s . 

4-1.1 6 Brief Histcry 
Although the spreading of organic f i l m s on water has 

been observed s i n c e ancient times ("pouring o i l on troubled 

w a t e r s " ) , i t was Benjamin F r a n k l i n i n 1773 who f i r s t 

s p e c u l a t e d on the extreme thinness of such f i l m s . He 

observed that a few cubic centimetres of o i l could cover 

s e v e r a l hundred square metres when ap p l i e d to the s u r f a c e of 

water. True s c i e n t i f i c study of such f i l m s began when the 

work of Agnes Pockels a t t r a c t e d the a t t e n t i o n of Lord 

R a y l e i g h i n 1891(1). Her experiments introduced the concepts 

of s u r f a c e pressure-area diagrams, the spreading of m a t e r i a l s 

i n v o l a t i l e s o l v e n t s , and the use of a forerunner to the 

Langmuir trough ( s e c t i o n 4.2). I n 1899 Rayleigh suggested 

fo r the f i r s t time that these f i l m s were only one molecule 

t h i c k ( 2 ) . However, most of today's i n t e r e s t i n monomolecular 

l a y e r s i s based on the r e s e a r c h c a r r i e d out by I r v i n g 

Langmuir and Katherine Blodgett at the General E l e c t r i c 

Research Laboratory between the f i r s t and second world wars. 

Using f a t t y a c i d s with long hydrocarbon chains, Langmuir's 

i n i t i a l c h a r a c t e r i s a t i o n l e d him to conclude that these f i l m s 

were indeed one molecule t h i c k ( 3 ) . Furthermore, he 

e s t a b l i s h e d t h at the long chains were e f f e c t i v e l y standing 

v e r t i c a l l y on the water s u r f a c e , implying a monolayer 

t h i c k n e s s equal to the chain length of the molecule. Later 

c o l l a b o r a t i o n with Blodgett(4) l e d to the development of 

apparatus to c o n t r o l and t r a n s f e r monomolecular f i l m s onto 

s o l i d s u b s t r a t e s , upon which most modern LB f i l m methods are 
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S t i l l based. T h i s and other work p r i o r to 1966 has been w e l l 
documented by G a i n e s ( 5 ) . 

Much of the recent i n t e r e s t i n LB f i l m s stems from 

Kuhn's use of the technique to i n v e s t i g a t e o p t i c a l and energy 

t r a n s f e r mechanisms(6). Influenced by t h i s work and the wish 

to i n c o r p o r a t e well-defined organic f i l m s i n t o s o l i d s t a t e 

e l e c t r o n i c d e v i c e s , Roberts et a l developed a Langmuir trough 

f e a t u r i n g e l e c t r o n i c c o n t r o l instrumentation and superior 

mechanical c o n s t r u c t i o n ( 7 ) . I t i s now widely believed that 

t h i s l e v e l of s o p h i s t i c a t i o n i s necessary for producing LB 

f i l m s of reproducible high q u a l i t y . A broadly s i m i l a r trough 

has been used to c h a r a c t e r i s e the LB f i l m s used i n t h i s 

r e s e a r c h . The next s e c t i o n d e s c r i b e s i t s construction i n 

some d e t a i l . 

4.2 THE LANGMUIR TEQUGH 

4.2.1 PreYiQUg Designg 

The production of good q u a l i t y LB f i l m s depends g r e a t l y 

upon the r e l i a b i l i t y of the deposition system used. I t must 

be f r e e from contamination and v i b r a t i o n , capable of 

c o n t r o l l i n g s u r f a c e pressure p r e c i s e l y , and give smooth 

movement of a su b s t r a t e through a monolayer for f i l m 

d e p o s i t i o n . I n t h e i r pioneering work Langmuir and 

Bl o d g e t t ( 4 ) used a waxed thread l y i n g on the su r f a c e of the 

water to a c t as a b a r r i e r between two halves of t h e i r trough. 

The monolayer forming m a t e r i a l was spread on one side of the 

thread, then a drop of a pi s t o n o i l placed on the surface on 

the other s i d e . As t h i s o i l spread out i t exerted a constant 

p r e s s u r e on the b a r r i e r of approximately 30mNm"' . Substrates 

were r a i s e d and lowered using a windlass. Kuhn et a l ( 6 ) 
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o r i g i n a l l y used a modification of t h i s technique which 
avoided o i l contamination. A polypropylene f l o a t ran i n 
between s i d e b a r r i e r s w i t h i n the trough. A weight was 
connected to the f l o a t by a thread running over a pulley, 
e x e r t i n g the d e s i r e d s u r f a c e pressure. Pressure was 
monitored with a Wilhelmy balance, and again a windlass was 
used to r a i s e and lower the su b s t r a t e . 

4-2-2 A Msderfi iT-smgh 
S e v e r a l Langmuir troughs are i n use at Durham 

U n i v e r s i t y , a l l based on the design of Roberts et a l ( 7 ) . The 

trough described below has been dedicated to research on LB 

f i l m s of dye m a t e r i a l s , but i s broadly s i m i l a r to other 

troughs i n operation. Figure 4.1 shows a schematic diagram 

of t h i s form of trough. 

Meehanical Qesstruetion 

A photograph of the main s t r u c t u r e of the trough i s 

shown i n Figure 4.2. The g l a s s trough i t s e l f i s supported on 

a metal platform w i t h i n a framework of metal beams. The 

platform can be lowered to allow removal of the trough for 

c l e a n i n g . The a c t i v e area of the water su r f a c e i s defined by 

a constant perimeter v a r i a b l e area b a r r i e r . The b a r r i e r i s 

formed by a 2cm wide PTFE-coated g l a s s f i b r e b e l t , held taut 

around s i x PTFE r o l l e r s . The area i s changed by movement of 

the two p a i r s of r o l l e r s mounted on cross-members. The 

cross-members have V-shaped r o l l e r s s et on s t e e l rods and are 

p u l l e d by toothed rubber b e l t s d r i v e n from a s i n g l e motor. 

The speed of the motor i s e x t e r n a l l y c o n t r o l l e d , and 

microswitches d efine the l i m i t s of b a r r i e r movement. The 
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d e p o s i t i o n meohaoiisD, or dipping head, i s a motor driven 
micrometer screw mounted above the water on a moveable 
crossbeam. Substrates are held by a metal screw clamp which 
can be a f f i x e d to the dipping head. The speed and range of 
the dipping c y c l e are e x t e r n a l l y c o n t r o l l e d . The surface 
p r e s s u r e i s monitored using a Wilhelmy p l a t e c o n s i s t i n g of a 
icm wide s t r i p of f i l t e r paper; t h i s i s suspended i n the 
water by a thread from a microbalance head above the trough. 
Changes i n the e f f e c t i v e weight of the p l a t e r e f l e c t surface 
p r e s s u r e . The complete s t r u c t u r e i s housed i n a glass-doored 
c a b i n e t mounted upon a Newport XJ-A pneumatic a n t i - v i b r a t i o n 
t a b l e . An e x t r a c t o r fan i n the w a l l of the cabinet aids 
s o l v e n t evaporation. Where p o s s i b l e the s t r u c t u r e has been 
made from PTFE and s t a i n l e s s s t e e l , or metal surfaces 
anodized, to ease cleaning and lower the r i s k of 
contamination. 

lEStrumentatiQn 

A photograph of the instrumentation a s s o c i a t e d with the 

trough i s shown i n Figure 4.3. S e v e r a l of the functions of 

the trough are automated using the purpose b u i l t control 

u n i t . The b a r r i e r may be operated i n four modes, 'forward', 

'reverse', ' c o n t r o l ' and 'auto'. I n 'forward' and 'reverse' 

modes the b a r r i e r w i l l compress or expand at speeds 

a d j u s t i b l e by front panel knobs. I n 'control' mode a 

d i f f e r e n t i a l feedback system i s used to compress the b a r r i e r 

u n t i l a f i l m reaches a p r e s e l e c t e d s u r f a c e pressure. The 

f o r c e a c t i n g upon the Wilhelmy p l a t e i s monitored by a 

Beckman LM600 microbalance. An e l e c t r i c a l s i g n a l 

r e p r e s e n t i n g the d i f f e r e n c e i n pressure from that preset on 
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the microbalanoe i s passed to the control u n i t . The gain of 

the feedback system can be v a r i e d using a front panel knob. 

T h i s mode i s normally used during deposition. 'Auto' mode i s 

used e x c l u s i v e l y f o r the deposition of phthalocyanine LB 

f i l m s . C h a r a c t e r i s t i c s of t h i s m a t e r i a l r e q u i r e that the 

f i l m i s only compressed when the sub s t r a t e i s moving up out 

of the subphase ( t h i s a i d s 'Z-type' deposition, which i s 

d i s c u s s e d l a t e r - see s e c t i o n 4.5.3). I n t h i s mode the 

b a r r i e r w i l l compress the f i l m a f t e r the sub s t r a t e has been 

lowered i n t o the subphase. and the f i l m i s allowed to 

s t a b i l i s e f o r a preset time of up to s i x minutes before 

d e p o s i t i o n commences. A f u r t h e r delay of up to t h i r t y 

minutes may be s e l e c t e d to allow the LB f i l m to s t a b i l i s e i n 

a i r . The number of dipping c y c l e s required i s set by 

switches and loaded i n t o a counting c i r c u i t . The upper and 

lower l i m i t s of the dipping head movement, and i t s speed are 

pre s e t by front panel knobs. High-resolution l i n e a r 

potentiometers attached to the b a r r i e r cross-members and the 

dipping head allow p r e c i s e monitoring of f i l m area and 

s u b s t r a t e p o s i t i o n . A Bryans 29000 X-Y chart recorder i s 

used fo r p l o t t i n g s u r f a c e pressure (the microbalance output) 

a g a i n s t area, or area against s u b s t r a t e p o s i t i o n ( f o r 

monitoring f i l m d e p o s i t i o n ) . Area and pressure may a l s o be 

p l o t t e d a g a i n s t time on a Bryans 312 two-channel Y-t chart 

recorder. The a c i d i t y of the subphase i s continuously 

monitored by a Pye-Unicam PW9409 pH-meter. The electrodes 

f o r t h i s and a mercury thermometer are mounted a t one end of 

the g l a s s trough. 
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A d u s t - f r e e environment i s e s s e n t i a l f o r the production 
of good LB f i l m s , and consequently a l l the troughs at Durham 
ar e housed i n a c l a s s 10000 m i c r o e l e c t r o n i c s c l e a n room. A 
rigoro u s c l e a n i n g procedure i s undertaken frequently when the 
g l a s s trough i s cleaned with chloroform, isopropyl alcohol 
and p u r i f i e d water. The b e l t and PTFE r o l l e r s are cleaned 
f o r s e v e r a l hours i n hot isopropyl a l c o h o l i n a Soxhlet 
r e f l u x i n g system. On reassembly, the subphase and Wilhelmy 
p l a t e are renewed, and the trough instrumentation 
r e c a l i b r a t e d . The water used as a subphase and i n cleaning 
undergoes double d e i o n i s a t i o n , a c t i v a t e d c h a r c o a l organic 
removal and 0.2pm f i l t r a t i o n before being d e l i v e r e d to the 
troughs v i a high p u r i t y polypropylene tubing. T h i s ultrapure 
water has a t y p i c a l r e s i s t i v i t y of lOM^cm. Before spreading 
f i l m s the subphase s u r f a c e i s cleaned with a f i n e nozzled 
g l a s s pipe connected to a water driv e n pump. The surface i s 
considered c l e a n i f c l o s i n g the b a r r i e r to minimum area 
r e s u l t s i n a s u r f a c e pressure change <0.05mNm'' . 

4.2.3 A l t e r n a t i v e Designs 

I t i s worth noting that although the trough described 

here i s w e l l s u i t e d to the c h a r a c t e r i s a t i o n of LB film s and 

in c o r p o r a t i n g s t r u c t u r e s , any commercial u t i l i s a t i o n of the 

technique would r e q u i r e s i g n i f i c a n t design improvements. 

Barraud and Vandevyver(8) have described a trough which 

continuously r e p l e n i s h e s a compressed Langmuir f i l m during 

d e p o s i t i o n . At the GEC H i r s t Research Centre workers are 

developing a r o t a r y deposition mechanism for continual b u i l d 

up of a l t e r n a t e l a y e r s t r u c t u r e s ( 9 ) , and a trough featuring 
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t h i s f a c i l i t y i s already operational a t Durham U n i v e r s i t y . 

4.3 LMGMUISrBLQDGEIT EILM MATERIALS 

Only a l i m i t e d range of organic m a t e r i a l s are s u i t a b l e 
f o r LB f i l m a p p l i c a t i o n s . I n t h i s s e c t i o n an account i s 
given of some of those that have been used. For the purpose 
of t h i s study a l l m a t e r i a l s p r e v i o u s l y i n v e s t i g a t e d have been 
considered ' c l a s s i c a l ' , and the merocyanine and 
phthalocyanine dyes used i n t h i s r e s e a r c h termed 'novel' 
m a t e r i a l s . 

4.2.1 C l a s s i Q a i M a t e r i a l s 

The t r a d i t i o n a l requirements for a m a t e r i a l to form an 

LB f i l m are that i t i s high l y i n s o l u b l e i n water, that the 

c o n s t i t u e n t molecules have d i s t i n c t hydrophobic and 

h y d r o p h i l i c regions, and that i t possesses s u i t a b l e 

mechanical p r o p e r t i e s to enable t r a n s f e r to a substrate. 

Such molecules can form a s t a b l e monolayer on a water surface 

with p r e d i c t a b l e o r i e n t a t i o n . T y p i c a l hydrophobic and 

h y d r o p h i l i c groups found are long hydrocarbon chains (about 

twenty carbons), and a c i d or al c o h o l groups r e s p e c t i v e l y . 

F a t t y a c i d s (e.g s t e a r i c and a r a c h i d i c a c i d ) are good 

examples of LB f i l m forming m a t e r i a l s . With these f i l m s 

enhanced s t a b i l i t y can be achieved by the presence of 

d i v a l e n t metal ions ( u s u a l l y Cd ) i n the subphase(10). This 

converts some of the a c i d to i t s s a l t , the degree of 

conversion being dependent upon the pH of the water. A large 

amount of r e s e a r c h has been c a r r i e d out over many years on 
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f a t t y aoid LB f i l m s , and on other molecules with broadly 
s i m i l a r s t r u c t u r e s e.g phospholipids(11), c h l o r o p h y l l ( 1 2 ) and 
c h o l e s t e r o K 1 3 ) . G r e a t e r f i l m s t a b i l i t y has been achieved by 
u s i n g long chain polymeric m a t e r i a l s , diacetyleneC14) and. 
more r e c e n t l y , to-tricosenoic a c i d ( 1 5 ) . 

Current i n t e r e s t i n the p o s s i b l e photoactive properties 

of LB f i l m s has l e d to the study of m a t e r i a l s without long 

hydrocarbon chains. The presence of these chains has a 

d i l u t i n g e f f e c t upon the i n t e r e s t i n g e l e c t r i c a l p roperties of 

the d e l o c a l i s e d e l e c t r o n i c o r b i t a l s of aromatic and 

h e t e r o c y c l i c r i n g s t r u c t u r e s . V i n c e t t et a l ( 1 6 ) have shown 

t h a t with c a r e f u l c o n t r o l of deposition conditions i t i s 

p o s s i b l e to f a b r i c a t e m u l t i l a y e r s t r u c t u r e s of only 

l i g h t l y - s u b s t i t u t e d anthracene. Their success stimulated the 

work on the novel LB f i l m m a t e r i a l s which are described i n 

the next two s e c t i o n s . 

4.3.3 MerQcyanines 

The merocyanines are a wide range of non-ionic dyes 

c h a r a c t e r i s e d by a double bond or even-numbered methine chain 

u n i t i n g two h e t e r o c y c l i c r i n g s . They e x i s t as a resonant 

h y b r i d between a covalent form and a charged d i p o l a r form, as 

shown i n Figure 4.4. The o p t i c a l p r o p e r t i e s of t h i s c l a s s of 

dyes(17) are w e l l known to photographic s c i e n c e and 

engineering where they have for many years been used for the 

s p e c t r a l s e n s i t i s a t i o n of s i l v e r h a l i d e emulsions. 

Conventional f i l m deposition techniques (e.g evaporation, 

adsorption from s o l u t i o n ) have been used to show that 

merocyanine t h i n f i l m s can be used to s p e c t r a l l y s e n s i t i s e 

other i n o r g a n i c semiconductors(18,19), and a l s o to f a b r i c a t e 
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o r g a n i c s o l a r c e l l s ( 2 0 ) . Also of note are repo r t s that a 

merocyanine dye has been shown to have a very l a r g e second 

order molecular p o l a r i s a b i l i t y ( 2 1 ) . That t h i s i s f a r higher 

than any reported for inorganic m a t e r i a l s , suggests an 

a p p l i c a t i o n i n the f i e l d of non-linear o p t i c s . 

Merocyanines with long hydrocarbon chain s u b s t i t u t i o n s 

have been i n v e s t i g a t e d as LB f i l m s by Kuhn(6) , more re c e n t l y 

by S u g i ( 2 2 ) , and have a l s o been used i n t h i s research. 

However, one aim of t h i s r esearch was to f i n d an LB f i l m 

forming dye from the l a r g e range of dyes commercially 

a v a i l a b l e with no such s u b s t i t u t i o n . The steps required to 

c h a r a c t e r i s e such a m a t e r i a l are d e t a i l e d i n Section 4.4. 

4.3.3 PhthaiQQyanines 

The phthalocyanines are a w e l l defined c l a s s of 

s y n t h e t i c macrocyclic tetramines, known i n the chemical 

i n d u s t r y f o r exceptional s t a b i l i t y to a c i d s , a l k a l i s and heat 

( F i g u r e 4.5). I t was t h i s s t a b i l i t y , and the p o t e n t i a l l y 

i n t e r e s t i n g e l e c t r i c a l p r o p e r t i e s of the molecules' c y c l i c 

i r - e l e c t r o n systems, which provoked i n v e s t i g a t i o n s i n t o the 

use of phthalocyanines as LB f i l m s . Baker(23) has shown that 

i t i s p o s s i b l e to prepare s t a b l e LB f i l m s of metal-free 

phthalocyanine ( F i g u r e 4.5a) and a t e t r a - t e r t - b u t y l 

s u b s t i t u t e d phthalocyanine. These f i l m s are of reproducible 

q u a l i t y but are not s i n g l e monolayers, and are 

p o l y c r y s t a l l i n e i n form with no long range order. Recent 

work w i t h an asymmetrically s u b s t i t u t e d copper phthalocyanine 

( F i g u r e 4.5b) has shown that mono- or bimolecular l a y e r s may 

now be produced which d i s p l a y a d i s t i n c t i v e e l e c t r o n 

d i f f r a c t i o n spot p a t t e r n ( 2 4 ) . This m a t e r i a l has been used i n 



CH2fMHC3H7 

C3H7 

F i g u r e 4.5 The molecular s t r u c t u r e s of ( a ) metal-free phthalocyanine 

and (b) asymmetrically s u b s t i t u t e d copper phthalocyanine. 
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t h i s r e s e a r c h as an i n s u l a t o r of f i n e l y oontrolleible 
t h i c k n e s s , though the o p t i c a l and e l e c t r i c a l properties of 
phthalocyanines a l s o lend themselves to p o t e n t i a l 
a p p l i c a t i o n s as organic semiconductors, s e n s i t i s e r s . and i n 
t h i n f i l m gas d e t e c t o r s . 

ASSESSMENT QE MQHQLAXEB PBQPEETIES 

With the present l i m i t e d understanding of the 

r e l a t i o n s h i p s between molecular s t r u c t u r e and the a b i l i t y to 

form LB f i l m s , some procedure i s c l e a r l y necessary for 

a s s e s s i n g the u s e f u l n e s s of m a t e r i a l s . While there are good 

grounds f o r expecting m a t e r i a l s s i m i l a r to the f a t t y acids to 

form s t a b l e monolayers, the unsubstituted LB f i l m molecules 

c u r r e n t l y being sought are not so p r e d i c t a b l e . I n t h i s 

s e c t i o n some techniques for c h a r a c t e r i s i n g m a t e r i a l s p r i o r to 

de p o s i t i o n are d i s c u s s e d . 

4.4.1 MQleeular Stru e t u r e 

A fundamental requirement for the formation of a u s e f u l 

monolayer f i l m i s th a t the substance used i s i n s o l u b l e i n the 

water subphase. However, i t must be noted that a ma t e r i a l 

regarded by chemists as i n s o l u b l e i n s i g n i f i c a n t q u a n t i t i e s 

may r a p i d l y d i s s o l v e i n t o the subphase when dispersed as a 

very t h i n f i l m over a r e l a t i v e l y l a r g e volume of water. Some 

id e a of the r e l a t i v e s o l u b i l i t y of an organic i n water can be 

gained by co n s i d e r i n g the number and strength of polar 

s u b s t i t u e n t s incorporated i n each molecule. For instance, 

r e p l a c i n g a methyl group on a molecule with a cyano group 

w i l l i n c r e a s e i t s s o l u b i l i t y i n water. Thus a c o l l e c t i o n of 

s i m i l a r m a t e r i a l s can be ranked i n order of s u i t a b i l i t y for 
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f i l m formation before commencing a c t u a l c h a r a c t e r i s a t i o n . 
When a m a t e r i a l shows promise as a Langmuir f i l m i t i s 

then u s e f u l to examine both p h y s i c a l and computer-generated 

models of the molecules. These can give c l u e s to the 

o r i e n t a t i o n of and p o s s i b l e i n t e r a c t i o n s between molecules i n 

the f i l m . Such modelling i s done i n conjunction with a study 

of the s u r f a c e pressure-area c h a r a c t e r i s t i c s of the f i l m . 

When a monolayer forming substance i s spread over the 

water s u r f a c e of a trough the Wilhelmy p l a t e w i l l r e g i s t e r a 

d i f f e r e n t i a l s u r f a c e pressure which i n c r e a s e s s t e a d i l y as the 

f i l m i s compressed by the b a r r i e r . The r e s u l t i s plotted as 

a p r e s s u r e - a r e a (i»/A) curve, or isotherm, where surface 

p r e s s u r e i s shown as a function of the surface area occupied 

by one f i l m molecule. This molecular area i s deduced simply 

from the area w i t h i n the b a r r i e r by c a l c u l a t i n g the number of 

molecules spread from a s o l u t i o n of known concentration. 

F i g u r e 4.6 shows t y p i c a l isotherms for (a ) s t e a r i c a c i d and 

(b) asymmetrically s u b s t i t u t e d copper phthalocyanine. As i s 

shown, by e x t r a p o l a t i n g the s o l i d phase region of the curve 

down to the x - a x i s the molecular area i s obtained for a s t a t e 

of zero pressure. The assumption i s made that t h i s i s the 

tr u e c r o s s - s e c t i o n of each molecule for i t s favoured 

o r i e n t a t i o n . 

The shape of an isotherm gives c l u e s to the behaviour of 

molecules as a f i l m i s compressed. That shown for s t e a r i c 

a c i d i s the ' i d e a l ' s i t u a t i o n i n which three d i s t i n c t regions 

are present, the f i n a l region showing the steep, l i n e a r curve 

c h a r a c t e r i s t i c of a two-dimensional s o l i d . The 
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phthalocyanine isotherm, l i k e most for novel m a t e r i a l s , does 
not show t h i s d i s t i n c t s t r u c t u r e but does e x h i b i t a condensed 
' s o l i d phase' region. I t i s p o s s i b l e to i n t e r p r e t the 
c u r v a t u r e of such isotherms, and any change i n curvature with 
recompression. i n terms of molecular rearrangement and 
i n t e r a c t i o n . T h i s w i l l be discussed f u r t h e r i n Chapter 6. 

An i d e a l Langmuir f i l m held i n i t s q u a s i - s o l i d phase at 

a constant s u r f a c e pressure w i l l maintain i t s surface area 

coverage with time. I n p r a c t i s e , a l l Langmuir f i l m s show 

some c o l l a p s e due to the e f f e c t s of ( a ) buckling of the f i l m 

and/or (b) the gradual d i s s o l u t i o n of m a t e r i a l i n t o the 

subphase. Preventing a f i l m from buckling and c o l l a p s i n g i n 

on i t s e l f normally only r e q u i r e s that the surface pressure i s 

kept below that at which the f i l m becomes unstable. The rate 

of d i s s o l u t i o n , however, may depend on s e v e r a l f a c t o r s , i n 

p a r t i c u l a r the temperature, pH and contents of the subphase. 

Though t h i s process can be rendered i n s i g n i f i c a n t i n most 

c l a s s i c a l m a t e r i a l s (by p a r t i a l conversion of a c i d to 

s a l t s ) , i t can be q u i t e r a p i d with novel m a t e r i a l s . Thus i t 

i s u s e f u l to f i n d the optimum conditions for slowing f i l m 

c o l l a p s e . Studies of Langmuir f i l m s which d i s s o l v e at an 

a p p r e c i a b l e r a t e are described by Gaines(5). These show an 

i n i t i a l r a p i d desorption, followed by a process obeying the 

equation 

ln(N ) = -kt + C (4.1) 

where N i s the number of molecules remaining on the surface, 

t time, and k and C constants. Measuring the surface area of 

a c o l l a p s i n g f i l m against time for varying subphase 
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c o n d i t i o n s allows a minimum value for k to be determined. 
Although f i l m c o l l a p s e i s undesirable, i t i s important 

t h a t a f i l m should remain mobile on the surface i f i t i s to 

be deposited onto a substrate. A simple check on the 

m o b i l i t y of a f i l m i s the 'suction t e s t ' ; the f i l m i s held at 

constant pressure and a small amount of m a t e r i a l removed from 

the water s u r f a c e using the vacuum nozzle mentioned i n 

s e c t i o n 4.2.2. An adequately mobile f i l m should c o l l a p s e 

immediately to maintain s u r f a c e pressure. 

4.5 FILM DEPQSITIQH 

Once a m a t e r i a l has been e s t a b l i s h e d as a v i a b l e 

Langmuir f i l m , i t s deposition c h a r a c t e r i s t i c s as an LB f i l m 

onto s u b s t r a t e s may be studied. After c l e a n s i n g of the 

trough water s u r f a c e as described i n 4.2.2, the deposition 

process may be considered as three stages - monolayer 

spreading, compression and a c t u a l deposition. Before 

i n v e s t i g a t i n g a p p l i c a t i o n s of f i l m s deposited they must a l s o 

undergo some q u a l i t y assessment. The next s e c t i o n s describe 

these s t e p s . 

4.5.1 MQSQlayer Spreading 

S o l u t i o n s for use i n f i l m spreading were normally made 

i n ARISTAE grade chloroform to a concentration of 
-3 

approximately Imgcm Accurate weighings for the 

determination of concentration were made with an O e r t l i n g R52 

balance. Films were spread i n s o l u t i o n one drop at a time 

us i n g an Agla m i c r o l i t r e syringe held c l o s e to the water 

s u r f a c e . T h i s syringe has a micrometer driven plunger which 

allowed a c c u r a t e measurement of volumes for molecular area 
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c a l c u l a t i o n s . T y p i c a l l y lOOjil of s o l u t i o n would be spread, 
i n v a r i a b l y from the centre of the trough to l e s s e n the e f f e c t 
of any r e s i d u a l contamination. After spreading, the 
e x t r a c t o r fan was switched on for about f i v e minutes to 
ensure s o l v e n t evaporation. 

As a matter of course, a -ff/A isotherm was plot t e d for 

each f i l m spread as an i n i t i a l check on f i l m q u a l i t y . This 

was done by compressing the f i l m at a f i x e d rate i n 'forward' 

mode u n t i l the l i n e a r s o l i d phase region was found. Having 

e s t a b l i s h e d t h i s , the f i l m was then recompressed i n 'control' 

mode to a pressure near the middle of the s o l i d phase. As 

can be seen from Figure 4.6, a f i l m held at t h i s point i n i t s 

isotherm w i l l change i t s s t r u c t u r e very l i t t l e for r e l a t i v e l y 

l a r g e s u r f a c e pressure deviations. P r i o r to deposition the 

f i l m was l e f t to s t a b i l i s e for about f i v e minutes to allow 

fo r any continuing molecular rearrangement. A l t e r n a t i v e l y , 

t h i s was the stage at which the c o l l a p s e mechanisms r e f e r r e d 

to i n s e c t i o n 4.4.3 were studied. 

4.5.3 Deposition MQdes 

During t h e i r pioneering work Langmuir and Blodgett 

d i s c u s s e d and named three p o s s i b l e modes of f i l m 

d e p o s i t i o n ( 2 5 ) , as i l l u s t r a t e d i n Figure 4.7. Normal 

d e p o s i t i o n i s Y-type ( b ) , where pick up occurs with the 

s u b s t r a t e moving i n both d i r e c t i o n s . This mode i s observed 

with the v a s t majority of LB f i l m m a t e r i a l s , though since 

most s u b s t r a t e s are hy d r o p h i l i c , pick up does not normally 

commence u n t i l the f i r s t upstroke. X-type deposition ( a ) i s 
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the s i t u a t i o n where pick up occurs only on the downstroke. 
sometimes found at extremes of subphase pH l e v e l s . Z-type 
d e p o s i t i o n ( c ) . pick up on the upstroke only, had never 
a c t u a l l y been observed when described by Langmuir and 
Blodgett. Since then, however, i t has been found with some 
m a t e r i a l s ( 1 6 ) . but i n p a r t i c u l a r with the asymmetrically 
s u b s t i t u t e d copper phthalocyanine used here. The techniques 
used f o r Y- and Z-type deposition are described below. The 
exact dipping conditions for d i f f e r e n t m a t e r i a l s are 
d i s c u s s e d i n d e t a i l i n Chapter 6. 

YrType DepesitiQB 

The q u a l i t y of the f i r s t monolayer deposited upon a 

s u b s t r a t e i s of p a r t i c u l a r importance. Not only might f a u l t s 

i n the monolayer be propagated i n t o subsequently deposited 

l a y e r s , there i s a l s o c l e a r l y a fundamental d i f f e r e n c e 

between the way i t i s bonded to the substrate and the way i n 

which succeeding l a y e r s bond to each other. For t h i s reason 

the f i r s t l a y e r was always deposited very slowly 

(^^2.5mmmin~') I , and immediately a f t e r the f i n a l surface 

treatment of the s u b s t r a t e ( i . e etching, r e f l u x i n g e t c -

these treatments are d i s c u s s e d i n Chapter 5 ) . As the f i l m 

was removed from the trough surface during deposition, the 

feedback system decreased the b a r r i e r area to maintain 

s u r f a c e pressure. I f the surface area of the substrate was 

known, then d e p o s i t i o n r a t i o s ( i . e the percentage coverage by 

a f i l m ) could be c a l c u l a t e d by monitoring the change i n f i l m 

a r e a a g a i n s t time, or against dipping head p o s i t i o n . 

Examples are shown i n F i g u r e s 4.8a and 4.8b, where each part 

of the dipping c y c l e can be seen as a change i n the f i l m 



Change in Area (cm )̂ 
1 r 

E 

100 80 60 AO 20 

F i g u r e 4.8 I d e a l i s e d deposition records for ( a ) and (b) 

Y-type deposition and ( c ) Z-type deposition. 
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s u r f a c e area. 

Z r l y p e DepQfiitiQB 

Phthalocyanine LB f i l m s d i s p l a y i n g Z-type deposition 

r e q u i r e d e x t r a precautions. To prevent any p a r t i a l pick up 

during the downstroke the f i l m should i d e a l l y be removed from 

the water s u r f a c e . However, i t has been found that simply 

expanding the f i l m before lowering the substrate i n t o the 

subphase does not reduce the q u a l i t y of the f i l m s . T his was 

done a u t o m a t i c a l l y by the trough c o n t r o l unit as described i n 

s e c t i o n 4.2.2. The s l i g h t l y d i f f e r e n t form of deposition 

r e c o r d f o r the Z-type case i s shown i n Figure 4.6c. I n t h i s 

diagram the s u r f a c e area changes during the upstroke only -

the downstroke occurs with the b a r r i e r expanded. 

4.5.4 Q u a l i t y Assessment 
There are two widely p r a c t i s e d methods for a s s e s s i n g the 

q u a l i t y of m u l t i l a y e r LB f i l m s . The f i r s t i s to plot 

r e c i p r o c a l capacitance against number of l a y e r s i n a 

m e t a l - i n s u l a t o r - m e t a l s t r u c t u r e . The standard technique i s 

to deposit an LB f i l m of stepped t h i c k n e s s onto an aluminised 

g l a s s microscope s l i d e , and then to evaporate on gold top 

c o n t a c t s . The t o t a l capacitance per u n i t area, C, w i l l be 

given by 

1/C = Nd/£,b + dox/Scx (4.2) 

where N i s the number of f i l m monolayers, d the t h i c k n e s s of 

a s i n g l e monolayer and £ib the p e r m i t t i v i t y of the LB f i l m . 

A p l o t of C~' a g a i n s t N should be l i n e a r with a slope d/e,(, 

and an i n t e r c e p t of d^x l^o% due to the capacitance of the 

i n t e r f a c i a l metal oxide. A l t e r n a t i v e l y i t i s p o s s i b l e to 
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measure o p t i c a l absorption as a function of f i l m t h i c k n e s s . 
T h i s technique i s p a r t i c u l a r l y u s e f u l for dye f i l m s absorbing 
s t r o n g l y i n the v i s i b l e . and w i l l give a l i n e a r 
c h a r a c t e r i s t i c i f i n t e r f e r e n c e e f f e c t s are small. The use of 
t h i s assessment technique i s described i n Chapter 6. 

4.6 LB EILM APPLICATIQHS 
The study of LB f i l m s has been continuing for over h a l f 

a century, but much of the upsurge i n i n t e r e s t during the 

past decade stems from the r e a l i s a t i o n that these f i l m s have 

p o t e n t i a l f o r use i n e l e c t r o n i c and o p t i c a l devices. For a 

comprehensive review of p o s s i b l e device a p p l i c a t i o n s the 

reader i s r e f e r r e d to (26), and to (27) and (28) for 

p u b l i c a t i o n s on LB f i l m research i n general. To give an idea 

of developments i n the f i e l d , t h i s s e c t i o n b r i e f l y reviews 

r e s e a r c h by the Durham LB f i l m group. 

The metal-insulator-semiconductor (MIS) s t r u c t u r e i s of 

great i n t e r e s t because of i t s a p p l i c a t i o n s i n integrated 

c i r c u i t s and planar e l e c t r o n i c devices. Only s i l i c o n among 

semiconductors has a native oxide with good i n s u l a t i n g 

p r o p e r t i e s , but LB f i l m s o f f e r an a l t e r n a t i v e form of 

i n s u l a t i n g l a y e r for others. The Durham group have deposited 

LB f i l m s onto many semiconductors. MIS f i e l d e f f e c t 

t r a n s i s t o r s ( FETs) have been f a b r i c a t e d based upon InP(29) 

and amorphous s i l i c o n ( 3 0 ) . The narrow band gap m a t e r i a l s 

InSb and HgCdTe have been used i n MIS s t r u c t u r e s with the aim 

of improving i n f r a - r e d d e t e c t o r s ( 3 1 ) . MIS s o l a r c e l l s based 

upon CdTe(32) have achieved a s i g n i f i c a n t improvement i n 

e f f i c i e n c y over equivalent Schottky b a r r i e r c e l l s . The LB 

f i l m technique allows t h i s improvement to be conveniently 
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Studied as a function of i n s u l a t o r t h i c k n e s s . I n a s i m i l a r 
f a s h i o n , Batey et a l have studied the e f f i c i e n c y of 
e l e c t r o l u m i n e s c e n t MIS diodes on GaP(33). The 
e lectroluminescence r e s u l t s reported here are the l o g i c a l 
e x t e n s i o n of t h i s work to I I - V I m a t e r i a l s , which cannot form 
good p-n j u n c t i o n s and hence require an MIS s t r u c t u r e to 
f u n c t i o n as LEDs. I n v e s t i g a t i o n s have been c a r r i e d out i n t o 
the use of LB f i l m s as e l e c t r o n beam r e s i s t s for 
microlithography i n integrated c i r c u i t f a b r i c a t i o n . 
Polymerisable f i l m s of w - t r i c o s e n o i c a c i d , which can be 
deposited upon s i l i c o n a t speeds as high as 15mms ' (15), give 
f a r g r e a t e r r e s o l u t i o n than conventional spun 
p h o t o r e s i s t s ( 3 4 ) . The same mat e r i a l has been used to 
c o n s i d e r a b l y improve the breakdown strength of s i l i c o n -
s i l i c o n dioxide s t r u c t u r e s ( 3 5 ) . 

As w e l l as these p r i m a r i l y p a s s i v e a p p l i c a t i o n s , LB 

f i l m s have p o t e n t i a l a p p l i c a t i o n s as a c t i v e l a y e r s . Films of 

semiconducting organic m a t e r i a l s are of p a r t i c u l a r i n t e r e s t . 

S t r u c t u r e s prepared using l i g h t l y s u b s t i t u t e d anthracene have 

been shown to e x h i b i t electroluminescence and photoconductive 

p r o p e r t i e s ( 3 6 ) . Phthalocyanines, though used as i n s u l a t o r s , 

have i n t e r e s t i n g semiconducting p r o p e r t i e s . With appropriate 

s u b s t i t u t i o n s i t should be p o s s i b l e to obtain f i l m s 

e x h i b i t i n g p- or n-type conductivity. The e l e c t r i c a l 

c o n d u c t i v i t y of t h i s m a t e r i a l i n MIM s t r u c t u r e s has already 

been shown to be very s e n s i t i v e to gas ambients(24). The use 

of dye molecules i n LB f i l m s for dye s e n s i t i s a t i o n ( 2 2 ) , as 

s t u d i e d i n t h i s work, has p o t e n t i a l for improving the 

photoresponse of semiconductors to s e l e c t e d wavelength 

ranges. 
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There are a l s o areas i n which research i s s t i l l at an 
e a r l y stage. Within the group attempts are being made to 
produce piezo- and p y r o e l e c t r i c f i l m s by depositing d i f f e r e n t 
a l t e r n a t e monolayers to b u i l d i n a dipole moment, or by 
X-type d e p o s i t i o n of a s i n g l e m a t e r i a l with i t s own large 
d i p o l e moment. LB f i l m s are being used as i n s u l a t o r s i n MISS 
sw i t c h s t r u c t u r e s on GaAs and s i l i c o n . M a t e r i a l s are being 
screened as LB f i l m s for use i n non-linear o p t i c a l 
a p p l i c a t i o n s , following reports by Zyss(21) of very high 
f i g u r e s of merit f o r some merocyanine dyes. F i n a l l y , a 
p o t e n t i a l l y e x c i t i n g a p p l i c a t i o n being i n v e s t i g a t e d for LB 
f i l m s i s i n the f i e l d of b i o l o g i c a l sensors. FET s t r u c t u r e s 
are envisaged i n c o r p o r a t i n g f i l m s s e n s i t i v e to p a r t i c u l a r 
i o n s , enzymes e t c . Research i s a l s o being followed on an 
a l t e r n a t i v e approach: b i o l o g i c a l s p e c i e s may a l t e r the 
o p t i c a l p r o p e r t i e s of LB f i l m s . This i s being i n v e s t i g a t e d 
by studying s u r f a c e plasmon resonance i n LB f i l m s t r u c t u r e s , 
which could l a t e r be incorporated i n o p t i c a l f i b r e sensors. 

4.7 SUMMAEY 

Thi s chapter has reviewed the h i s t o r y , technology, 

requirements, a n a l y s i s and a p p l i c a t i o n s of LB f i l m s . I n 

Chapter 6 r e s u l t s are presented for m a t e r i a l s i n v e s t i g a t e d 

here as p o t e n t i a l LB f i l m s . 



71 

EXPEEIMENIAL METHODS 

I n t h i s chapter a general d e s c r i p t i o n i s given of the 

techniques used to f a b r i c a t e and c h a r a c t e r i s e s t r u c t u r e s when 

i n v e s t i g a t i n g both dye s e n s i t i s a t i o n and MIS 

electroluminescence. 

5.1 MATERIALS 

5.1.1 LB Film Materials 
( a ) Merocyanine dyes - two merocyanine dyes were 

deposited onto semiconductor s u b s t r a t e s i n the course of t h i s 

r e s e a r c h . Figure 5.1a shows 3-carboxyl- 5[2-

( 3 - o c t a d e c y l - 2 - b e n z o t h i a z o l i n y l i d e n e ) ethylidene rhodanine 

as supplied by the Japanese Research I n s t i t u t e for 

P h o t o s e n s i t i z i n g Dyes Co. Ltd. The amphiphilic nature of 

t h i s m a t e r i a l , s i m i l a r to dyes studied by other workers(1,2), 

made i t a good comparison for l e s s conventional LB f i l m 

m a t e r i a l s . I t i s henceforth r e f e r r e d to by i t s catalogue 

number NK2684. 

Figur e 5.1b shows the s t r u c t u r e of 2-benzyl- 4 2-

(1,3, 3 - t r i m e t h y l - 2 - i n d o l y l i d e n e ) ethylidenel 1,3-oxazol-

5-one, as s u p p l i e d by Dr D.Thompson of I C I Organics D i v i s i o n . 

T h i s was found to be the best LB f i l m m a t e r i a l of a range of 

dyes supplied, a f t e r c h a r a c t e r i s a t i o n described i n Chapter 6. 

Henceforth i t i s r e f e r r e d to by i t s I C I code number SC58497. 

(b) Phthalocyanines - the phthalocyanine used i n t h i s 

work was t h a t shown i n Figure 4.5b, copper phthalocyanine 



(a) NK 268A 

C18H37 0 CH2COOH 

(b) SC 561*97 

F i g u r e 5.1 The molecular s t r u c t u r e s of ( a ) merocyanine dye NK2684 and 

(b) merocyanine dye SC58497. 
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trisCCHjNHCjH^-iso), again supplied by Dr D.Thompson. The 
c h a r a c t e r i s a t i o n of t h i s m a t e r i a l has been described 
e l s e w h e r e ( 3 ) . 

5.1.2 SsmiQ£2ndiiCtQ£ Ha£S£ial6 
( a ) Z i n c Sulphide - i n the absence of z i n c oxide or 

s i l v e r h a l i d e s i n s u i t a b l e form for photoconductivity 

measurements, low r e s i s t i v i t y n-type p o l y c r y s t a l l i n e z i n c 

sulphide was obtained from Mr A.E.Thomas of t h i s department. 

Having a bandgap '^3.7eV i t was thought a s u i t a b l e material 

f o r studying dye s e n s i t i s a t i o n e f f e c t s . The production of 

t h i s m a t e r i a l i n low r e s i s t i v i t y form, and the making of 

ohmic c o n t a c t s to i t , i s a complex problem. but 

surmountable(4). As supplied, samples were cut to an 

approximate s i z e 8mm x2mm xlmm with 2mm surface ohmic 

co n t a c t s at e i t h e r end of the l a r g e s t face. 

(b) Zinc Selenide Sulphide - t h i s m a t e r i a l was used for 

the i n v e s t i g a t i o n of MIS electroluminescent s t r u c t u r e s 

i n c o r p o r a t i n g LB f i l m s , and was supplied by Dr P.J.Wright of 

the Royal S i g n a l s and Radar Establishment (RSRE), Malvern. 

The samples used c o n s i s t e d of t h i n ('v3}im) f i l m s i n g l e c r y s t a l 

l a y e r s of ZnSe^S,_x (x'vO.94) grown on n-type GaAs (100) 

s u b s t r a t e s by the technique of organometallic chemical vapour 

d e p o s i t i o n (M0CVD)(5). The f i l m s had a c a r r i e r concentration 

~10 cm . T h i s a l l o y composition was used to optimise the 

l a t t i c e match of the f i l m with the GaAs subs t r a t e - ZnSe 

( l a t t i c e constant 5.6686X) does not match p e r f e c t l y with GaAs 

( l a t t i c e constant 5.6535A). Preliminary measurements by 

Batey(6) with pure ZnSe f i l m s had i n d i c a t e d a l a r g e s e r i e s 

r e s i s t a n c e a s s o c i a t e d with the GaAs-ZnSe i n t e r f a c e which 
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s e v e r e l y l i m i t e d device e f f i c i e n c y . 

5.2 MEBQCXAHIHEzSEMICQHDHCTQB DEVICE EABBICATIQH 
As s t a t e d i n Chapter 4, c l e a n l i n e s s i s of paramount 

importance i n the production of s t r u c t u r e s incorporating LB 

f i l m s . Through a l l f a b r i c a t i o n stages described i n t h i s 

s e c t i o n precautions were taken to avoid contamination of 

samples and m a t e r i a l s . Disposable polythene gloves were worn 

whenever handling m a t e r i a l s or working i n the Langmuir 

trough. Glassware was cleaned p r i o r to use i n an u l t r a s o n i c 

bath with chromic a c i d , 'Decon 90' detergent and p u r i f i e d 

water. Surface preparation of s u b s t r a t e s was c a r r i e d out i n 

a fume cupboard i n the c l e a n room immediately before f i l m 

d e p o s i t i o n . Film m a t e r i a l s were stored with d e s i c c a n t s i n a 

r e f r i g e r a t o r when not being used. Between measurements, 

d e v i c e s i n c o r p o r a t i n g LB f i l m s were stored under a low 

pressure of dry o i l - f r e e nitrogen. S p e c i f i c procedures are 

d e s c r i b e d below. 

5.2.1 Surface Prgparatien 

P r i o r to s u r f a c e etching, the z i n c sulphide s t r u c t u r e s 

as s u p p l i e d were cleaned for s e v e r a l hours i n b o i l i n g 

i s o p r o p y l a l c o h o l i n a Soxhlet r e f l u x i n g system to ensure 

thorough degreasing. Because of t h e i r small s i z e these 

samples were mounted using 'Lacomit' onto degreased g l a s s 

microscope s l i d e s . 'Lacomit' was a l s o used to protect the 

s u r f a c e ohmic con t a c t s . The samples were then etched for 2 

minutes i n a 2% s o l u t i o n of bromine i n methanol, s t i r r e d 

gently. A f t e r d i l u t i n g t h i s s o l u t i o n down to pure methanol 

i n stages, the samples were r i n s e d i n carbon disulphide for 
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about 10 minutes to remove sur f a c e residues l e f t by the 
bromine. F i n a l l y , before f i l m deposition the samples were 
washed i n absolute ethanol f o r another ten minutes. 

^.Z-Z LB Eilm DepQsmQS 
Immediately a f t e r s u r f a c e preparation, merocyanine LB 

f i l m s were deposited upon the samples using the techniques 

d e s c r i b e d i n Chapter 4. For both dyes NK2684 and SC58497 

de p o s i t i o n conditions were i d e n t i c a l - a dipping speed of 2.5 
- I - I mmmin at a su r f a c e pressure of 25 mNm The subphase. at 

a pH of 5.7±0.2 and temperature 18±2°C. contained 
-A 

approximately 2.5x10 M cadmium c h l o r i d e . Both dyes were 

deposited mixed with a r a c h i d i c a c i d at a molar r a t i o of 1:1. 

The choice of these deposition conditions i s discussed i n 

Chapter 6. 

5.3. MIS DEVICE FABRICATION 

The standards of c l e a n l i n e s s described i n the previous 

s e c t i o n were a l s o applied to the preparation of these 

d e v i c e s . 

5.3.1 QhmiQ Contactg 

The ZnSeS samples as rec e i v e d were i n i t i a l l y cleaned for 

s e v e r a l hours i n a Soxhlet system. I f necessary, they were 

cut i n t o s m a l l e r p i e c e s using a diamond tipped s c r i b e . Small 

(-"̂ Imm diameter) preformed contacts of 99.999% pure indium 

wire (Koch-Light) were attached to the rear face of the GaAs 

using a Weller v a r i a b l e temperature so l d e r i n g i r o n set at 

250*0. These contacts were annealed by heating the samples 
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to 275**C f o r 15 minutes i n a nitrogen ambient. At l e a s t two 
co n t a c t s were made to each sample so that they could be 
checked for ohmicity using a t r a n s i s t o r curve t r a c e r . 

5-32 Surface ErepaiatiQB 
Surface preparation of saunples was i d e n t i c a l to that for 

the z i n c sulphide c r y s t a l s , save that they were only etched 

f o r 30 seconds i n a 1% s o l u t i o n of bromine i n methanol. I t 

was estimated that t h i s would remove ^l^m of ZnSeS from the 

s u r f a c e of the sample. Where n e a r - i d e a l Schottky b a r r i e r 

s t r u c t u r e s were being f a b r i c a t e d for comparison with MIS, top 

e l e c t r o d e s were immediately evaporated as described i n 5.3.4. 

5.3.3 LB F i l m DepQSitiQn 

Immediately a f t e r etching, LB f i l m s of the 

asymmetrically s u b s t i t u t e d copper phthalocyanine were 

deposited using the 'auto' mode technique described i n 

Chapter 4. Films were deposited at 2.5 mmmin ' at a surface 

p r e s s u r e of 30mNm'' . The subphase was at a pH of 8.0±1.0 and 

temperature of 1812"C, and contained ^ 5 % absolute ethanol. 

These conditions are c u r r e n t l y believed to be the optimum for 

the d e p o s i t i o n of t h i s m a t e r i a l ( 7 ) . Immediately a f t e r f i l m 

d e p o s i t i o n the s u b s t r a t e s were stored for two days under a 

low pressure of dry nitrogen to a i d the removal of any 

r e s i d u a l water or organic s o l v e n t s . 

5.3.4 E i e e t r e d e Depesition 

Top e l e c t r o d e s were made by evaporating 99.999% pure 

gold (Johnson-Matthey) from a molybdenum boat at a pressure 
-6 

<10 t o r r i n an Edwards 306 evaporation system. The ra t e of 
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evaporation and t h i c k n e s s of deposited material was monitored 
using a quartz c r y s t a l t h i c k n e s s monitor. A t o t a l thickness 
of 15nm of gold was deposited i n steps of Inm at a ra t e of 
'^O.Snmmin ' . Steps were deposited at l e a s t 30 minutes apart, 
and between steps the sample was shielded from the metal 
source by a shu t t e r . These precautions were aimed at 
l i m i t i n g the heat damage to the LB f i l m s . E l e c t r o d e s were 
defined by a f f i x i n g the s u b s t r a t e s to brass contact masks -
these had a c c u r a t e l y d r i l l e d apertures of diameter 0.5mm or 
1mm. 

5.4 MERQCYASINE-SiMICQNDUCTQR DEVICE CHARACTERISATIQIJ 

The s t r u c t u r e s used for t h i s i n v e s t i g a t i o n were of the 

form shown i n Figure 5.2. Enamelled copper wires were 

connected to the ohmic con t a c t s using conducting s i l v e r paste 

( E l e c t r o d a g 915). and these f l y i n g leads soldered to 

te r m i n a l s as appropriate for e l e c t r i c a l measurements. The 

sample was kept mounted on a g l a s s microscope s l i d e to a i d 

handling. 

5.4.1 F i l m C h a r a e t e r i g a t i o n 

A l l o p t i c a l c h a r a c t e r i s a t i o n of merocyanine LB f i l m s was 

c a r r i e d out with the f i l m s deposited upon g l a s s s l i d e s . 

O p t i c a l absorption s p e c t r a of f i l m s and t h e i r parent 

s o l u t i o n s were compared using a Cary 2300 UV-VIS-NIR 

spectrophotometer. Fluorescence s p e c t r a of f i l m s , both 

emission and e x c i t a t i o n , were measured using a Spex system at 

RSRE, Malvern. 
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For do photoconductivity measurements the saumple was 
mounted i n an Oxford Instr\iments DF 704 c r y o s t a t . and the 
f l y i n g l e a d s soldered to terminals which allowed remote 
e l e c t r i c a l a c c e s s . The sample was connected to a Time 
E l e c t r o n i c s 2003S dc voltage c a l i b r a t o r and a K e i t h l e y 410A 
picoammeter to allow measurement of conductivity at d i f f e r e n t 
b i a s e s . I t was i l l u m i n a t e d through the window of the 
c r y o s t a t by a Bausch and Lomb (33-86-02) high i n t e n s i t y 
(250W) tungsten source and monochromator. The s p e c t r a l 
response of the system was taken int o account by c a l i b r a t i o n 
w i th an O r i e l 3810 thermopile and a K e i t h l e y 181 
naovoltmeter. Second order e f f e c t s were eliminated by using 
O p t i c s Technology high pass o p t i c a l f i l t e r s . Measurements 
could be made at temperatures down to 77K by evacuating the 
c r y o s t a t with a two-stage vacuum pump, and feeding l i q u i d 
n i t rogen v i a a supply tube to a copper heat exchanger. A 
chosen temperature was maintained by an Oxford Instruments 
DTC2 temperature c o n t r o l l e r . 

5.5 MIS DEVICE CHARACTERISATIQN 
The s t r u c t u r e s i n v e s t i g a t e d were as shown schematically 

i n f i g u r e 5.3. For each f i l m t h i c k n e s s a l l measurements were 

made f o r a number of cont a c t s ( a t l e a s t s i x ) to a s s e s s the 

r e p r o d u c i b i l i t y of r e s u l t s . 

5.5.1 E l e c t r i e a l Meaguremgntg 
Most measurements were made i n a s e a l a b l e brass sample 

chamber, which e l i m i n a t e d the e f f e c t s of l i g h t and e l e c t r i c a l 

i n t e r f e r e n c e . Samples were mounted onto a perspex block to 
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F i g u r e 5.3 Schematic diagram of the device geometry used for studying 

MIS ele c t r o l u m i n e s c e n t d e v i c e s . 
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which was screwed a metal tag. Enamelled copper wire was 
soldered to t h i s and connected to am ohmic contact with 
conducting s i l v e r paste. A c r o c o d i l e c l i p could be attached 
to the tag to allow remote access to the back contact. Top 
co n t a c t s were made with a micromanipulator attached to a t h i n 
gold wire. The end of the wire was fused i n t o a s p h e r i c a l 
contact <0.5mm diameter. T h i s was lowered onto the chosen 
top e l e c t r o d e to make contact. 

B i a s voltages were s e t using a Time E l e c t r o n i c s 2003S dc 

voltage c a l i b r a t o r . Currents were measured using a Kei t h l e y 

410A picoammeter - t h i s had an analogue voltage output which 

was connected to an X-t chart recorder to ensure equilibrium 

v a l u e s were being a t t a i n e d . Capacitance was measured with a 

Boonton 72BD capacitance meter - t h i s used a IMHz measuring 

s i g n a l , and a dc b i a s could be applied to i t s terminals to 

f a c i l i t a t e capacitance vs voltage measurements. For drive 

c u r r e n t s beyond the range of the 2003S, a Ke i t h l e y 220 

programmable constant current source was used and bias 

v o l t a g e s monitored with the K e i t h l e y 181 nanovoltmeter. 

Photoresponse measurements were made by d i r e c t i n g l i g h t from 

the high i n t e n s i t y monochromator down an o p t i c a l f i b r e l i g h t 

pipe onto the device being studied. This was again 

c a l i b r a t e d with the thermopile. 

5.5.2 Q p t i e a l Measurements 
Ele c t r o l u m i n e s c e n t s p e c t r a were recorded by d i r e c t i n g 

l i g h t from devices, v i a the o p t i c a l f i b r e l i n k , to a Hilger 

and Watts D330 motor driven monochromator. The output from 

the monochromator was monitored with an EMI 9558QC 

pho t o m u l t i p l i e r tube, v i a the analogue output of a 
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piooammeter to an Z-t chart recorder. I n t e n s i t y and 
e f f i c i e n c y measurements were made by a f f i x i n g the sample to a 
sma l l purpose-built mounting adjacent to the photomultiplier 
tube window. 
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Ca^PIEB 6 
RESULTS MD DISCHSSIQN 

MEEQCXAHIHE LB FILMS AHD DXE-SEHSIIISATIQN 

6-1 INIEQDHCTIQN 
T h i s chapter i s an account of attempts to f i n d and 

develop a merocyanine dye for use as a novel LB f i l m 

m a t e r i a l . The i n t e n t i o n of the research was to show that i t 

i s p o s s i b l e to deposit such an LB f i l m onto a semiconductor 

to achieve d y e - s e n s i t i s a t i o n , i . e i n c r e a s e i t s photoresponse 

to l i g h t with photon energies l e s s than i t s bandgap energy. 

The p r i n c i p l e s of d y e - s e n s i t i s a t i o n have been discussed i n 

Chapter 2. The r e s u l t s of t h i s r e s e a r c h have been p a r t i a l l y 

s u c c e s s f u l , inasmuch as a novel m a t e r i a l has been s e l e c t e d by 

s c r e e n i n g and been shown to be capable, with optimised 

c o n d i t i o n s , of forming good q u a l i t y , f a i r l y s t a b l e LB f i l m s . 

The f a i l u r e to obtain a wholly s u i t a b l e semiconductor 

m a t e r i a l to some extent thwarted attempts to demonstrate 

d y e - s e n s i t i s a t i o n , though some success was achieved through 

the observation of a r e l a t i v e l y small change i n the 

photoconductivity of z i n c sulphide. 

The chapter c o n s i s t s of three s e c t i o n s : the screening 

and c h a r a c t e r i s a t i o n of m a t e r i a l s for use as LB f i l m s , the 

d e p o s i t i o n of dyes and t h e i r p r o p e r t i e s i n LB f i l m form, and 

f i n a l l y the r e s u l t s of the work on d y e - s e n s i t i s a t i o n . 

6.2 CHARACTERISATION QF DYES AS LB FILMS 

The r e q u i r e d p r o p e r t i e s of a m a t e r i a l for i t to form 
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good LB f i l m s have been di s c u s s e d i n some d e t a i l i n Chapter 
4. However, deducing these p r o p e r t i e s from the molecular 
s t r u c t u r e of a m a t e r i a l i s c u r r e n t l y s t i l l a l a r g e l y 
e m p i r i c a l process. Hence, to i s o l a t e s u i t a b l e m a t e r i a l s from 
those a v a i l a b l e r e q u i r e s a screening procedure, as has been 
p r e v i o u s l y described. I t i s to be hoped that as the 
p r o p e r t i e s of organic monolayers become b e t t e r understood, 
t h i s d i f f i c u l t and time-consuming work w i l l be reduced or 
even e l i m i n a t e d . This s e c t i o n presents the r e s u l t s of such a 
procedure. 

6.2.1 Pressure-Area ISQtherms 
An isotherm with d i s t i n c t phases i n i t s s t r u c t u r e , that 

of s t e a r i c a c i d , has been shown i n Figure 4.6a. I f a 

m a t e r i a l forms a monolayer when spread on the water surface 

of a Langmuir trough, p l o t t i n g an isotherm (as i t i s 

compressed) g i v e s c l u e s to i t s behaviour compared to that of 

an i d e a l m a t e r i a l . Figure 6.1 shows an isotherm for the 

m a t e r i a l NK2684. I t i s c l e a r that even though the molecule 

has a long hydrocarbon chain and d i s t i n c t hydrophobic and 

h y d r o p h i l i c regions, the shape of the curve l a c k s the 

s t r u c t u r e seen with s t e a r i c a c i d . The gentle slope with 

i n c r e a s i n g pressure i s an i n d i c a t i o n that the molecules are 

probably l y i n g n e a r l y f l a t on the water surface when 

uncompressed, and only g r a d u a l l y a l t e r i n g t h e i r o r i e n t a t i o n 

such t h a t the hydrocarbon chain points v e r t i c a l l y upwards. 

Only at p r e s s u r e s >30mNm~' does the f i l m appear to be 

e n t e r i n g a q u a s i - s o l i d phase region c h a r a c t e r i s e d by 

i n c r e a s i n g steepness of the curve. This m a t e r i a l and many 

other dyes with s i m i l a r amphiphilic s u b s t i t u t i o n s have been 
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used by other workers studying dye LB f i l m s d ) . I n v a r i a b l y 
they r e p o r t the necessity of forming a mixed monolayer with 
a r a o h i d i o or s t e a r i c a c i d i n order t o produce good q u a l i t y LB 
f i l m s . These mixtures are of a molecular r a t i o acid:dye of 
at l e a s t 2:1, though f o r some dyes the r a t i o i s 10:1 or even 
h i g h e r ( 2 ) . 

The d e s i r e t o develop a merocyanine LB f i l m without 
long-chain s u b s t i t u t i o n s , and t h e i r consequent d i l u t i o n of 
the e l e c t r i c a l and o p t i c a l p r o p e r t i e s of the dye's 
c o n s t i t u e n t r i n g s t r u c t u r e s , was a primary aim of t h i s 
research. To t h i s end, samples of twenty-four unsubstituted 
merocyanine dyes were obtained from I C I Organics D i v i s i o n f o r 
screening. This i n i t i a l stage of t h i s process was t o study 
the r e l a t i v e p o l a r i t y of s u b s t i t u e n t s incorporated i n t h e i r 
molecular s t r u c t u r e . From t h i s i t was possible t o rank the 
m a t e r i a l s i n order of t h e i r probable r e l a t i v e s o l u b i l i t y at 
the a i r - w a t e r i n t e r f a c e . For each m a t e r i a l a s o l u t i o n of 

-3 
con c e n t r a t i o n '^Imgcm was made i n an organic solvent 
( u s u a l l y chloroform). A small amount of t h i s s o l u t i o n was 
spread over the water surface of the Langmuir trough as 
described i n Chapter 4. The m a j o r i t y of the dyes spread 
performed very poorly as Langmuir f i l m s under compression, 
causing only minimal changes i n the surface pressure as they 
collapsed, and d i s s o l v i n g r a p i d l y i n t o the subphase. The 
p r o p e r t i e s of f i l m s of the ei g h t dyes which performed best 
are summarised i n Tables 6.1 and 6.2. L i s t e d by t h e i r I C I 
code numbers. The colours r e f e r r e d t o are those of the 
spreading s o l u t i o n s . Where a f i l m i s r e f e r r e d t o as 
'blotchy' or ' f l a k y ' t h i s i m p l i e s t h a t i t has v i s i b l y f a i l e d 
t o spread evenly over the surface of the water, and w i l l 
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Table 6.1 S t r u c t u r a l formulae of merocyanine dyes selected 
f o r screening as LB f i l m m a t e r i a l s . 
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c e r t a i n l y not be forming a monolayer. The approximate 
c o l l a p s e r a t e s r e f e r r e d t o are from an i n i t i a l surface area 
'̂ eOOom̂  (n.b 1 dyn/cm = 1 mNm"' ). 

Isotherms f o r the best four of the dyes l i s t e d i n the 
t a b l e ( i n d i c a t e d w i t h an a s t e r i s k ) are shown i n Figures 6.2 
t o 6.5. The areas per molecule are c a l c u l a t e d using a simple 
r e l a t i o n s h i p . The eibscissa of an isotherm as recorded i s 
c a l i b r a t e d against the water surface area (A) enclosed by the 
trough b a r r i e r s . I f the concentration of the spreading 
s o l u t i o n (C) i s known accurately through c a r e f u l weighing, 
the volume (V) of s o l u t i o n spread i s measured and the 
molecular weight (M,„) of the molecule obtained, the molecular 
area can be c a l c u l a t e d as 

= AM„/CVN^ (6.1) 
where Nŷ  = Avogadro's number. For t h i s t o be the surface 
area occupied by one molecule does of course require t h a t the 
spread f i l m be one molecule t h i c k . I t i s conventional wi t h 
Langmuir f i l m s t o assign an area per molecule i n the s o l i d 
phase by e x t r a p o l a t i n g the steep, l i n e a r , high-pressure 
r e g i o n of the isotherm t o zero pressure. Two of the problems 
when making t h i s c a l c u l a t i o n i n p r a c t i c e are t h a t some of the 
m a t e r i a l spread may have dissolved i n t o the subphase and that 
t h e r e i s no proof t h a t the f i l m e x i s t s as a monolayer. These 
are demonstrated by the isotherms f o r dye SC61714 shown i n 
Figure 6.2. Curve (a) r e s u l t s from an i n i t i a l compression 
and curve (b) from a subsequent recompression soon 
afterwards. The lower steepening parts of the 
c h a r a c t e r i s t i c s can be assigned t o compression of the 
molecules l y i n g lengthways on the water surface, followed by 
a process as the pressure passes '>'20mNm ' where the molecules 
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Figure 6.2 Pressure-area isotherm for a film of merocyanine 
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t u r n t o stand v e r t i c a l l y ( i . e w i t h the methine l i n k 
perpendicular t o the water surface). Further compression 
shows the beginning of a c l e a r e r s o l i d phase region. The 
s h i f t between the two curves i s p r i m a r i l y caused by the loss 
of m a t e r i a l as i t dissolves i n t o the subphase. Since t h i s 
d i s s o l u t i o n w i l l commence from the time the f i l m i s spread, 
molecular areas c a l c u l a t e d i n terms of the amount of dye 
s o l u t i o n deposited w i l l be somewhat lower than the tru e 
value. 

The isotherms f o r dye SC69781 (Figure 6.3a and b) have 
been i n t e r p r e t e d i n a s i m i l a r fashion. I n view of the 
molecular areas c a l c u l a t e d and the r e l a t i v e l y gentle slope of 
the curves up t o a surface pressure of 40mNm~* the molecules 
are thought t o remain l y i n g lengthways on the water surface. 
At t h i s pressure the r a t e of d i s s o l u t i o n of the dye i s too 
high t o make i t convenient f o r LB f i l m deposition. 

The isotherm f o r dye SC25424 (Figure 6.4) behaves w e l l 
at low surface pressures (<20mNm ') but degrades badly as 
surface pressure i s increased. The d e v i a t i o n of the curve 
here i s assigned t o the s t r u c t u r e of the f i l m breaking up 
( i . e molecules p i l i n g up on each o t h e r ) . At a pressure of 
40mNm ' s t r i a t i o n s were v i s i b l e i n the f i l m , i . e dark l i n e s 
of dye m a t e r i a l p a r a l l e l t o the moving edges of the b a r r i e r ) . 
I t i s possible t h a t the lack of many side groups on the 
molecules l i m i t the cohesion between them i n a monolayer. 

The best isotherm obtained f o r any of the materials 
screened was t h a t of dye SC58497 (Figure 6.5). Although 
l a c k i n g the c l e a r breakpoints between phases of an i d e a l 
m a t e r i a l , i t shows a very steep condensed phase region f o r 
surface pressures 5̂mNm~'. The ca l c u l a t e d molecular area 
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seems t o i n d i c a t e the molecules are standing v e r t i c a l l y 
immediately the f i l m i s compressed. The dye d i d not have the 
lowest collapse r a t e of those screened at high pressures, but 
t h i s was measured beyond the pressure at which the f i l m 
begins t o break up (-̂ SSmNm"'), as the top end of the 
c h a r a c t e r i s t i c shows. At lower pressures the f i l m was f a r 
more s t a b l e , the collapse r a t e reduced by almost an order of 
magnitude at 25mNm"' . I n view of these superior q u a l i t i e s , 
subsequent f i l m c h a r a c t e r i s a t i o n was devoted t o t h i s 
m a t e r i a l . 

e.g.2 MQieeular Amangement 
Having chosen t o concentrate upon the dye SC58497, i t 

was necessary t o e s t a b l i s h t h a t the above speculations 
regarding i t s behaviour on the water surface could be f u r t h e r 
j u s t i f i e d . To t h i s end a computer model of the dye molecule 
was generated using the program package PLUTO, av a i l a b l e 
through the NUMAC computer system at Durham Un i v e r s i t y . 
R e l a t i v e atomic coordinates were c a l c u l a t e d from standard 
bond angles and di s t a n c e s ( 3 ) , t o produce diagrams of the form 
shown i n Figure 6.6. These diagrams of the molecule, which 
could be presented at any angle, allowed i t s dimensions t o be 
est a b l i s h e d as shown. They gave a f a r cl e a r e r p i c t u r e of the 
t r u e shape of the molecule than the simple s t r u c t u r a l 
chemical formula. Although the o v e r a l l height (lOA) and 
wid t h (6A) of the molecule seem t o contrast w i t h the 
exper i m e n t a l l y measured area of 25A , i t s e f f e c t i v e 
dimensions are c l e a r l y reduced by all o w i n g f o r close packing 
of a continuum of molecules i n a monolayer. I n order t o 
demonstrate t h i s close packing, s p a c e - f i l l i n g Corey-Pauling 



Figure 6.6 Computer generated diagrams of merocyanine dye SC58497 
showing molecular dimensions i n Angstrom u n i t s . 



( A ) 

(B) 
Figure 6.7 S p a c e - f i l l i n g molecular models of merocyanine 

dye SC58497 showing a possible stacking 
arrangement, (a) plan view, (b) angled view. 
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molecular models (Ea l i n g Ltd) were assembled and stacked 
together. Figures 6.7a and b are photographs of these 
models. As stacked, the molecules would occupy an area 
7K X 4.K, a molecular area of Z&K^. This seems t o confirm the 
ex p e r i m e n t a l l y determined value when allowance i s made i n f o r 
the e r r o r i n t h a t due t o f i l m collapse. 

The r a t e of collapse of f i l m s of dye SC58497 was not 
considered f a s t enough t o hinder i t s d e p o s i t i o n as an LB 
f i l m . However, i t was considered worthwhile i n v e s t i g a t i n g 
the r a t e of d i s s o l u t i o n as a f u n c t i o n of the conditions i n 
the water subphase, i n case o p t i m i s a t i o n of these conditions 
were possible. Although temperature may have some e f f e c t , 
only the pH of the water can conveniently be v a r i e d w i t h the 
Langmuir trough used f o r t h i s work. I t has previously been 
repor t e d t h a t the s o l u b i l i t y of Langmuir f i l m s of l i g h t l y 
s u b s t i t u t e d anthracene i s much reduced at low values of 
pH(4). With other f a c t o r s (temperature, compression r a t e , 
e t c ) kept as uniform as possible, the change i n f i l m area 
w i t h time was p l o t t e d f o r various values of pH (Figure 6.8). 
The collapse process i n each case can be seen t o commence 
w i t h r e l a t i v e l y r a p i d d i s s o l u t i o n , followed by a process 
obeying equation 4.1, i . e ln(N) = -kT + C. I t was apparent 
t h a t decreasing the pH of the subphase was more l i k e l y t o 
a c c e l e r a t e f i l m collapse; an increase had no detectable 
e f f e c t . Thus the subphase was subsequently maintained at the 
standard d i p p i n g pH = 5.7i0.2 when using t h i s m a t e r i a l . 

Although f i l m s of t h i s dye were adequately stable on the 
water surface, t o be u s e f u l as LB f i l m s they must be 
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t r a n s f e r r e d t o a substrate. The depo s i t i o n system used 
r e q u i r e s t h a t the f i l m as a whole responds r a p i d l y t o the 
removal of m a t e r i a l from the f i l m . Using the 'suction t e s t ' 
f i l m s were found t o respond poorly, behaving almost l i k e a 
r i g i d sheet. A u s e f u l p a r a l l e l i s t h a t of a t h i c k sheet of 
i c e on water. A good LB f i l m m a t e r i a l must be f a r more 
mobile, more l i k e a f l e x i b l e , f l o a t i n g carpet. A number of 
mixing agents were t r i e d t o improve the f i l m r e s p o n s i v i t y , 
but many of these were themselves poor as f i l m materials. 
For example, the alkane nearest i n size t o SC58497, dodecane, 
d i d not even r e g i s t e r a molecular area when a mixed s o l u t i o n 
was spread. The best mixing agents were, not s u r p r i s i n g l y , 
long chain f a t t y acids. A mixture w i t h a 1:1 molecular r a t i o 
of a r a c h i d i c a c i d t o dye was found t o respond t o pressure 
changes s u f f i c i e n t l y q u i c k l y f o r d i p p i n g t o be undertaken at 
normal speeds. This mixture was used throughout the 
subsequent i n v e s t i g a t i o n s of LB f i l m s . 

6.3 LB FILMS QF MERQCYANINE DYES 
This s e c t i o n presents the r e s u l t s of measurements made 

on deposited LB f i l m s . A f t e r d e s c r i b i n g the dipping 
p r o p e r t i e s of the dyes SC58497 and NK2684, the o p t i c a l 
c h a r a c t e r i s t i c s of m u l t i l a y e r s of these are discussed. To 
conclude, the s t a b i l i t y of the f i l m s i s considered. 

6.3.1 DepQSitien CQnditiQns 
I n i t i a l l y attempts were made t o deposit f i l m s of SC58497 

spread and compressed under the c o n d i t i o n s as chosen i n the 
previous s e c t i o n . The substrates used were p l a i n and 
aluminised ( i . e vacuum evaporated) glass microscope s l i d e s 
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(Chance-Propper L t d ) . These had been washed i n chloroform 
f o l l o w e d by 'Decon 90' detergent and p u r i f i e d water, then 
r e f l u x e d f o r several hours i n b o i l i n g i s o p r o p y l alcohol. 
Even at slow d e p o s i t i o n speeds ('̂ 2. 5mmmin''') deposition 
records showed t h a t pickup of the f i l m was only p a r t i a l , and 
d e t e r i o r a t e d f u r t h e r a f t e r the f i r s t two or three layers. A 
v i s i b l e s i g n of poor f i l m adhesion was the presence of an 
i r r e g u l a r meniscus against the substrate as i t moved through 
the a i r - w a t e r i n t e r f a c e . I t was observed t h a t the 
performance of NK2684 i n a s i m i l a r molecular mixture was only 
s l i g h t l y b e t t e r . 

I t i s w e l l established f o r c l a s s i c a l LB f i l m materials 
t h a t the a d d i t i o n of CdCl^ t o the water subphase improves 
f i l m cohesion by p a r t l y converting i t t o a bimolecular 
cadmium s a l t ( e . g r e f 4 ) . Upon a d d i t i o n of CdClj. at a 
c o n c e n t r a t i o n 2.5 x 10 *M ( t h a t widely accepted as the 
optimum f o r s t e a r i c and a r a c h i d i c acid) i t was found t h a t 
d e p o s i t i o n of both types of dye f i l m improved markedly. I f a 
slow d i p p i n g speed ('̂ 2. Smmmin'') was maintained, the meniscus 
along the substrates was regular and followed i t s movements 
both upwards and downwards. This i s an i n d i c a t i o n of Y-type 
d e p o s i t i o n , and was confirmed by dipping records which were 
estimated t o i n d i c a t e d e p o s i t i o n r a t i o s close t o 100%. Such 
a record f o r the d e p o s i t i o n of SC58497 i s shown i n Figure 
6.9. This d i f f e r s s l i g h t l y from the i d e a l record of Figure 
4.8b since there i s a c o n t i n u a l a d d i t i o n a l decrease i n the 
surface area due t o d i s s o l u t i o n of the f i l m . Also, the 
presence of the meniscus has the e f f e c t i n i n t r o d u c i n g a 
small o f f s e t between the r e l a t i v e p o s i t i o n s at which the 
s u b s t r a t e fenters and leaves the subphase. 
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6-2-2 Qpl^lQ&l ££Qpertie& Qf DepQsited LB Eilsifi 
F i g u r e 6.10 and 6.11 con t r a s t the o p t i c a l absorption 

s p e c t r a of m u l t i l a y e r LB f i l m s of the two merocyanine dyes 
with those i n s o l u t i o n . The s o l u t i o n spectrum of NK2684 
shows a peak absorption at 523nm, corresponding to e l e c t r o n 
t r a n s i t i o n s of energy 2.37eV, with a s s o c i a t e d v i b r a t i o n a l 
s t r u c t u r e manifested by a 'knee' i n the c h a r a c t e r i s t i c at 
'-495nm (/va-SeV). I n the absorption spectrum of the LB f i l m 
these two f e a t u r e s are r e d - s h i f t e d to 538nm (2.30eV) and 
'^SlOnm ('v2.4eV) r e s p e c t i v e l y , and an new absorption band i s 
developing a t 595nm (2.1eV). The s h i f t i n wavelength can be 
a t t r i b u t e d to the way i n which molecules pack i n the f i l m . 
The extent of t h i s s h i f t w i l l be d i c t a t e d by the angle 
between the planes of the dye molecules and the l i n e s through 
t h e i r c e n t r e s ( 5 ) . The a d d i t i o n a l t r a n s i t i o n s i n the f i l m , 
l e a d i n g to the e x t r a absorption band, can be q u a l i t a t i v e l y 
explained by assuming the presence of some dimeric s t r u c t u r e , 
and that the two molecules of each dimer i n t e r a c t through 
d i p o l e - d i p o l e coupling. C l e a r l y the spectrum i s f a r l e s s 
s h a r p l y s t r u c t u r e d than i t was f o r the s o l u t i o n . The changes 
are a r e s u l t of the increa s e d intermolecular i n t e r a c t i o n s 
which occur i n the s o l i d s t a t e where molecules are only a few 
Angstroms apart, held together by van der Waal f o r c e s . The 
gr e a t e r coupling between e l e c t r o n o r b i t a l s i n the molecules 
w i l l allow e l e c t r o n s to occupy s t a t e s i n a broader continuum 
of energy l e v e l s . 

The same explanation a p p l i e s to the absorption 

c h a r a c t e r i s t i c s of SC58497. Two e l e c t r o n t r a n s i t i o n s located 

at 500nm (2.47eV) and '-475nm ('>'2.6eV) i n the so l u t i o n 

spectrum are r e d - s h i f t e d to 540nm (2.29eV) and 500nm (2.47eV) 
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r e s p e c t i v e l y . However, i n t h i s case there i s no i n d i c a t i o n 
of d imeric s t r u c t u r e from the f i l m absorption spectrum. I t 
i s i n t e r e s t i n g to note that by c a l c u l a t i n g the molar 
e x t i n c t i o n c o e f f i c i e n t for the dye s o l u t i o n , and assuming the 
d e n s i t y of the deposited f i l m to be '^igcm'^ . an order of 
magnitude estimate of the f i l m t h i c k n e s s may be obtained. 
Comparing the absorbance of the LB f i l m s with those of the 
s o l u t i o n s suggests for both that the dye LB f i l m s have a 
monolayer t h i c k n e s s ~2nm. I t i s unwise to attempt a p r e c i s e 
c a l c u l a t i o n using t h i s method because of the d i f f e r e n c e s i n 
the absorption processes for the s o l u t i o n s and the LB f i l m s , 
and the added complication of the d i l u t i o n of the dye f i l m s 
w ith cadmium arachidate. 

The absorbances of the dyes as a function of the number 

of deposited l a y e r s are p l o t t e d i n F i g u r e s 6.12 and 6.13. 

The absorbance measurements were made at 540nm s i n c e t h i s was 

where peak absorption occurred for both dye f i l m s . Both 

types of f i l m obey the Beer-Lambert law to a good 

approximation, the law being expressed as 

l o g d o / I ^ ) =<<m^y^ (6.2) 

where I,, and I-r are the i n c i d e n t and transmitted l i g h t 

i n t e n s i t y , << the absorption c o e f f i c i e n t of the dyes, N the 

number of l a y e r s , and d^^ the t h i c k n e s s of each l a y e r . The 

m u l t i p l e beam i n t e r f e r e n c e e f f e c t s ( 6 ) which have been 

observed with m u l t i l a y e r s of cadmium arachidate and some 

other LB f i l m s are not apparent here. There was l i t t l e 

change i n the shape of the absorption c h a r a c t e r i s t i c s of the 

dyes with i n c r e a s i n g f i l m t h i c k n e s s , which allowed good 

p r e d i c t i o n s to be made of the absorption by d i f f e r e n t 

t h i c k n e s s e s of f i l m . 
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Fluorescence measurements, i n co n t r a s t , showed that 
changes were taking place i n the i n t e r a c t i o n s between dye 
molecules as f i l m t h i c k n e s s increased. The fluorescence 
emission s p e c t r a of f i l m s of the two dyes are shown i n 
F i g u r e s 6.14 and 6.15. I n both cases the emission was 
e x c i t e d by 500nm l i g h t . The c h a r a c t e r i s t i c of a s i n g l e 
monolayer in c o r p o r a t i n g NK2684 shows the normal molecular 
f l u o r e s e n c e peaking at about 550nm. i . e c l o s e to the 
wavelength of peak absorption. For f i v e monolayers, however, 
any molecular fluorescence i s swamped by a broad, 
s t r u c t u r e l e s s , r e d - s h i f t e d peak, that a s s o c i a t e d with excimer 
emission ( s e c t i o n 2.1.3). This peak at 605nm corresponds 
c l o s e l y to the developing absorption band at 595nm i n Figure 
6.10 which was a t t r i b u t e d to dimeric s t r u c t u r e . The 
behaviour of SC58497 i s somewhat s i m i l a r though the excimer 
emission peak i s s h i f t e d f u r t h e r i n t o the red (640nm), i s 
broader, and the molecular fluorescence i s s t i l l detectable. 
The g r e a t e r o v e r a l l f l u o r e s c e n t i n t e n s i t y of SC58497 can be 
a t t r i b u t e d to lower i n t e r n a l absorption (the a b s o r p t i v i t y of 
NK2684 being about twice that of SC58497). The small 
emission bands apparent at even higher wavelength (-̂  660nm for 
NK2684 and 'v695nm for SC58497) are thought to i n d i c a t e the 
formation of J bands due to p a r t i a l aggregation of the dye 
molecules. The presence of e x c i t e d dimer s t a t e s i n the 
emission s p e c t r a suggest that there are very weak 
i n t e r a c t i o n s between s u b s t i t u e n t chromophores i n the ground 
s t a t e , but that s i g n i f i c a n t i n t e r a c t i o n occurs i n the ex c i t e d 
s t a t e . These fluorescence processes should be quenched where 
e f f i c i e n t s e n s i t i s a t i o n of a semiconductor sub s t r a t e occurs. 
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6.3.3 S t a b i l i t y of EilfflS 
I t was found that LB f i l m s of the dyes on g l a s s were 

prone to bleaching e f f e c t s when exposed to strong l i g h t ( i . e 

s u n l i g h t ) f o r more than a few minutes. When stored i n 

darkness the f i l m s showed no d e t e r i o r a t i o n over s e v e r a l 

months, maintaining t h e i r o r i g i n a l absorption 

c h a r a c t e r i s t i c s . I t i s very l i k e l y t h a t the molecules 

undergo a photo-oxidation process, though the mechanisms 

behind such processes i n dyes remain u n c e r t a i n ( 7 ) . An 

attempt was made to el i m i n a t e the e f f e c t by s e a l i n g the dye 

l a y e r s with an LB f i l m l a y e r of cadmium 22-tricosenoate, but 

without s u c c e s s . T h i s suggests the process may be a s s o c i a t e d 

with oxygen absorbed i n t o the dye f i l m before or during 

d e p o s i t i o n . I t i s i n t e r e s t i n g to note that the change i n the 

photoconductivity of z i n c sulphide when coated with a dye LB 

f i l m , as d i s c u s s e d i n the next s e c t i o n , did not diminish 

a f t e r exposure of the sample to strong l i g h t . This could 

imply that e x c i t e d dye molecules on the semiconductor surface 

were i n v o l v e d i n a charge t r a n s f e r process with the 

semiconductor which reduced the e f f e c t s of photo-oxidation. 

6.4 DYE-SENSITISATION STUDIES 

Having succeeded i n obtaining LB f i l m s of merocyanine 

dyes of reproducible q u a l i t y , an o b j e c t i v e of t h i s r e s e a r c h 

was to incorporate the f i l m s i n semiconductor devices. I t 

was planned to study the d y e - s e n s i t i s a t i o n e f f e c t i n wide 

bandgap semiconductors as a function of the dye coverage of 

t h e i r s u r f a c e s . The LB technique c l e a r l y o f f e r s f a r f i n e r 

c o n t r o l than the r e l a t i v e l y crude techniques of dye 

adsorption from s o l u t i o n or vapour, or vacuum evaporation. 
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T h i s s e c t i o n f i r s t l y d i s c u s s e s the d i f f i c u l t i e s encountered 
i n f i n d i n g s u i t a b l e semiconductor su b s t r a t e m a t e r i a l s , and 
then the r e s u l t s of an i n v e s t i g a t i o n of the s e n s i t i s i n g 
e f f e c t of LB f i l m s of merocyanine dyes on z i n c sulphide 
c r y s t a l s . 

6.4.1 Substrate Materials 
Much of the past r e s e a r c h i n t o s e n s i t i s a t i o n of 

semiconductors using more conventional dye deposition 

techniques has involved the study of photoeffects i n ZnO. As 

with the s i l v e r h a l i d e s , i t has been found that the 

photoeffect at the s e n s i t i s a t i o n maxim\im for ZnO can reach 

-^80% of the maximum inherent photoconductivity of the 

semiconductor (the e f f i c i e n c y of the d y e - s e n s i t i s a t i o n 

p rocess i s normally quoted as t h i s r a t i o ) . I n i t i a l attempts 

were thus aimed at demonstrating the e f f e c t on ZnO s i n g l e 

c r y s t a l s , as had p r e v i o u s l y been used by s e v e r a l workers (e.g 

8,9). Unfortunately a l l the c r y s t a l s obtained were too 

conducting to enable photoconductivity to be detected over 

the dark c o n d u c t i v i t y , even at 77K. Conversely, attempts to 

use s p u t t e r e d ZnO f i l m s or ZnO powder spread i n a binder were 

f r u s t r a t e d by these systems being too r e s i s t i v e to pass any 

measurable c u r r e n t s . Hoping to emulate the work of 

G e r i s c h e r ( 1 0 ) by s e n s i t i s i n g organic c r y s t a l s , anthracene 

c r y s t a l s were obtained. With these i t proved impossible to 

o b t a i n r e l i a b l e contacts, a f a i l u r e repeated with 

C4-anthracene LB f i l m s ( l l ) as the s u b s t r a t e . However, 

p o l y c r y s t a l l i n e z i n c sulphide prepared i n a l o w - r e s i s t i v i t y 

form(12) was found to e x h i b i t detectable d.c 

photoconductivity a c r o s s the v i s i b l e spectrum, and hence 
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a l l o w d i r e c t measurement of the change induced by the 
presence of merocyanine dye f i l m s . 

Q.'^-S LB lilms QB Z i s c Sulphide 
The ZnS c r y s t a l s as supplied (Chapter 5 ) . though 

regarded a s l o w - r e s i s t i v i t y for t h i s m a t e r i a l , had a bulk 
£ 8 

r e s i s t i v i t y 'viOftm ( l O f i c m ) . I t was nonetheless p o s s i b l e to 

measure the d.c dark c o n d u c t i v i t y and photoconductive 

response of samples with r e l a t i v e ease, using techniques 

p r e v i o u s l y described. Figure 6.16a shows the dark 

c o n d u c t i v i t y of a sample at room temperature, measured over a 

wide voltage range, to be f a i r l y l i n e a r up to MV. The 

s u p e r l i n e a r region of the curve i s assumed to be where the 

ohmic c u r r e n t c r o s s e s over to being space charge l i m i t e d . 

The dashed l i n e s (b) and ( c ) were the dark c o n d u c t i v i t y of 

the sample a f t e r etching and the deposition of LB f i l m s of 

the two merocyanine dyes. Curve ( a ) was reproducible i f the 

f i l m s were removed by washing the sample i n chloroform then 

r e f l u x i n g i n i s o p r o p y l a l c o h o l . 

The d.c photoresponse of the sample was measured as the 

i n c r e a s e i n current from the dark current as a function of 

the wavelength of the i n c i d e n t l i g h t . By c a l i b r a t i n g the 

i n c i d e n t l i g h t power using a thermopile t h i s could be 

expressed as the number of c a r r i e r s generated per i n c i d e n t 

photon, and i s p l o t t e d as such i n Figure 6.17. The response 

at room temperature i s curve ( a ) ; that at lOOK (b) i s shown 

fo r comparison. Both responses were measured with a b i a s of 

IV a c r o s s the sample. T h i s photoresponse may be regarded as 

an e x t e r n a l quantum e f f i c i e n c y of the sample, s i n c e s t r i c t l y 

i t r e p r e s e n t s only the c a r r i e r s generated which do not 
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reoombine w i t h i n the sample. At 400nm (the low wavelength 

l i m i t for r e l i a b l e measurements with the equipment used) t h i s 
- 4 -

e f f i c i e n c y was '̂ 10 for the u n s e n s i t i s e d sample, f a l l i n g to 
-s 

'-2x10 at 800nm. The energy bandgap of ZnS i s '-3.7eV, 

implying a peak response should occur a t '^335nm (n.b the 

response a t 350nm was roughly estimated a t -lO * ) . 

No change i n the photoresponse was detectable when a 

s i n g l e monolayer of e i t h e r merocyanine dye was deposited upon 

the sample. The changes measured due to the presence of 

t h r e e monolayers of dyes NK2684 and SC58497 are shown i n 

F i g u r e s 6.18 and 6.19 r e s p e c t i v e l y . The e f f e c t s of the dye 

l a y e r s are p l o t t e d as the r e l a t i v e quantum e f f i c i e n c y , that 

i s the r a t i o of the photoresponse a f t e r deposition of the dye 

to that before. For f i v e or more monolayers of dye the 

e f f e c t diminished r a p i d l y , barring a small drop i n response 

assumed to be a s s o c i a t e d with absorption by the dye. 

The a n a l y s i s of these curves can only be q u a l i t a t i v e 

s i n c e the changes involved are r e l a t i v e l y small, p a r t i c u l a r l y 

i n the case of dye SC58497. The g r e a t e s t r e l a t i v e quantum 

e f f i c i e n c y a t t a i n e d at a b i a s of IV was 1.5 at a wavelength 

«^650nm fo r a f i l m of dye NK2684. This i m p l i e s ( r e f e r r i n g to 

F i g u r e 6.17) that the photoresponse at that wavelength has 

i n c r e a s e d from -^3% to '^4.5% of the maximum inherent 

photoconductivity of the semiconductor ( i . e the s e n s i t i s a t i o n 

e f f i c i e n c y ) . Akimov (13) has reported that d y e - s e n s i t i s a t i o n 

of the photoeffect i n ZnS i s not detectable with undoped 

m a t e r i a l , but that s e n s i t i s a t i o n e f f i c i e n c i e s ^50% are 

observed i f there i s a concentration of >10 cm of shallow 

donor l e v e l s , c r e a t e d by d e l i b e r a t e l y i n c o rporating impurity 

h a l i d e i o n s . I t was surmised that to obtain e f f e c t i v e 
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monolayers of So56497/CdArj^ (1:1) on the 
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100)iV, (b) bias = IV. 
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s e n s i t i s a t i o n r e q u i r e s the presence of a depletion l a y e r near 
the s u r f a c e which causes i n j e c t e d e l e c t r o n s to d r i f t i n t o the 
semiconductor bulk, r a t h e r than recombining with the excited 
dye. The ZnS used here has had no such treatment, but 
heating the sample i n a melt of z i n c and other a d d i t i v e s 
( p a r t of the preparation of the low r e s i s t i v i t y form(12)) 
w i l l have i n c r e a s e d the density of shallow donors. The 
r e s i s t i v i t y of the m a t e r i a l does, however, imply that t h i s 
d e n s i t y i s much l e s s than lo'^ cm'^ . The fundamental 
chromophore s t r u c t u r e of NK2684 i s i d e n t i c a l with that of 
known organic photoconductors which are c h a r a c t e r i s e d as 
p-type semiconductors(14). I t i s thus p o s s i b l e to consider 
the dye-semiconductor system as having some of the 
c h a r a c t e r i s t i c s of a p-n j u n c t i o n p h o t o c e l l . This aspect of 
the p r e f e r r e d e l e c t r o n t r a n s f e r model for s e n s i t i s a t i o n i s 
c o n s i s t e n t with r e p o r t s that good s e n s i t i s e r s of n-type 
semiconductors act as d e s e n s i t i s e r s on p-type ma t e r i a l s and 
v i c e v e r s a ( 7 ) . 

The s p e c t r a l c h a r a c t e r i s t i c s of the r e l a t i v e quantum 

e f f i c i e n c i e s of the s t r u c t u r e s are s i m i l a r for both dyes, 

though considerably s m a l l e r i n the case of SC58497. I n part 

at l e a s t t h i s w i l l be due to the lower absorption of the dye 

( i . e a lower o s c i l l a t o r strength a s s o c i a t e d with i t s e l e c t r o n 

t r a n s i t i o n s ) . I t i s assumed here that the processes 

o c c u r r i n g are s i m i l a r f o r both dyes s i n c e they appear to have 

broadly s i m i l a r absorption c h a r a c t e r i s t i c s i n LB f i l m form. 

The most s t r i k i n g f e a t u r e of the change i n photoresponse i s 

th a t i t has been reduced by the presence of the dye at 

wavelengths between 430nm and 600nm, with a minimum value of 

r e l a t i v e quantum e f f i c i e n c y ~0.55 occurring at 540nm, the 
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wavelength a t which maximum absorption by LB f i l m s on g l a s s 
occurred. I t might be i n t u i t i v e l y surmised that t h i s drop i s 
merely a r e s u l t of the dye f i l t e r i n g out the i n c i d e n t l i g h t , 
but the e f f e c t i s f a r too l a r g e for t h i s . Assuming the 
Beer-Lambert law invoked f o r F i g u r e s 6.12 and 6.13 i t i s 
found t h a t three monolayers of dye would only absorb "^4% of 
the i n c i d e n t l i g h t a t 540nm - at l e a s t 60 l a y e r s would be 
r e q u i r e d to reduce the photoconductivity to the l e v e l 
measured. I t i s f a r more l i k e l y that t h i s i s a 
d e s e n s i t i s a t i o n process where dye molecules act as hole 
i n j e c t o r s . The energy l e v e l corresponding to the highest 
occupied molecular o r b i t a l of the dye i n i t s ground s t a t e 
must l i e beneath the valence band of the semiconductor 
( s e c t i o n 2.2). When the dye i s e x c i t e d the generated 
photohole w i l l be i n j e c t e d i n t o the ZnS, thus promoting 
e l e c t r o n - h o l e recombination i n the semiconductor and causing 
the photoconductivity to decrease. The probable mechanism 
f o r recovery from such a process i s thought(5) to be the 
t r a n s f e r of the e x c i t e d e l e c t r o n to an intermediate l e v e l of 
s i m i l a r energy i n the semiconductor ( i . e a t r a p ) . This 
d e s e n s i t i s a t i o n process by i t s e l f does not e x p l a i n the r i s e 
i n quantum e f f i c i e n c y at other wavelengths. Perhaps at 
wavelengths where the d e s e n s i t i s a t i o n process i s not dominant 
the c a r r i e r s generated by the i n t r i n s i c photoconductivity of 
the ZnS are tran s p o r t e d between the e l e c t r o d e s more 
e f f i c i e n t l y . T h i s would be c o n s i s t e n t with the i n c r e a s e i n 
dark c o n d u c t i v i t y shown i n Figure 6.16. I t i s true, however, 
t h a t such a process would be expected to l e a d to a s i m i l a r 
i n c r e a s e i n the photoconductivity of the sample incorporating 
SC58497. T h i s e f f e c t was not evident. 
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I t i s wise to consider whether the maximum absorption of 
l i g h t i s a c t u a l l y occurring a t 540nm. As discussed i n 
Chapter 2, the absorption c h a r a c t e r i s t i c s of a dye may be 
s t r o n g l y i n f l u e n c e d by the c r y s t a l s t r u c t u r e of a substrate 
onto which i t i s adsorbed. Unfortunately, i t was i m p r a c t i c a l 
to measure the absorption c h a r a c t e r i s t i c s of the dyes on ZnS 
because of the small sample s i z e . As a demonstration of the 
e f f e c t , however. Figure 6.20 shows the r e f l e c t a n c e of a 
sample of s i n g l e c r y s t a l s i l i c o n before and a f t e r the 
de p o s i t i o n of three monolayers of SC58497. I n t h i s case i t 
i s c l e a r that the dye f i l m i s absorbing most strongly ( i . e 
r e f l e c t i n g l e a s t ) at 430nm, with l e s s e r s t r u c t u r e at '-470nm 
and ^SlOnm. The l a t t i c e constants of ZnS (5.4lX) and S i 
(5.43X) are f a i r l y c l o s e , so i t i s p o s s i b l e the absorption 
c h a r a c t e r i s t i c s of the dye l a y e r s behave s i m i l a r l y on both 
m a t e r i a l s . We could then be observing a true s e n s i t i s a t i o n 
process at 430nm, i . e the t r a n s f e r of e x c i t e d dye e l e c t r o n s 
i n t o the conduction band of the semiconductor. I f t h i s i s 
tr u e , however, i t i s d i f f i c u l t to expla i n the drop i n the 
c h a r a c t e r i s t i c at 540nm. U n t i l more d e t a i l e d measurements 
are made on a more convenient v e r s i o n of t h i s s t r u c t u r e , i t 
i s a matter for s p e c u l a t i o n which process i s occurring. 

e.5 SUMMARY 

T h i s chapter has presented the r e s u l t s of an 

i n v e s t i g a t i o n of the p r o p e r t i e s of novel LB f i l m s of a 

merocyanine dye, and of the use of merocyanine LB f i l m s to 

s e n s i t i s e the photoresponse of z i n c sulphide. These r e s u l t s 

and the concl u s i o n s drawn from them are summarised as 

fo l l o w s : 
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( i ) A number of merocyanine dyes, without the 
b y d r o p h i l i o and hydrophobic s u b s t i t u t i o n s t r a d i t i o n a l l y 
a s s o c i a t e d with LB f i l m m a t e r i a l s , were screened to assess 
t h e i r s u i t a b i l i t y as such f i l m s . One of these dyes, denoted 
as SC58497, was found to e x h i b i t the behaviour asso c i a t e d 
w ith good LB f i l m s when spread i n s o l u t i o n on the surface of 
a Langmuir trough. 

( i i ) P r e s s u r e - a r e a p l o t s for t h i s m a t e r i a l suggested i t 

was forming a l a y e r one molecule t h i c k on the water surface. 

These data were supported by molecular modelling. The slow 

d i s s o l u t i o n i n t o the subphase of compressed f i l m s was found 

to be a c c e l e r a t e d a t low values of pH, but remained constant 

a s pH was i n c r e a s e d from the l e v e l used when dipping 

c l a s s i c a l LB f i l m m a t e r i a l s . 

( i i i ) F i l m s of the pure dye were too r i g i d for 

d e p o s i t i o n i n LB f i l m form, but improved markedly i n q u a l i t y 

when mixed at a 1:1 molar r a t i o with a r a c h i d i c a c i d . 

T r a n s f e r of the f i l m s to s u b s t r a t e s was enhanced by the 

i n c o r p o r a t i o n of CdCl2. i n the subphase at a concentration 
-4-

2.5x10 M. 
( i v ) The o p t i c a l p r o p e r t i e s of LB f i l m s of SC58497 were 

compared and co n t r a s t e d with those of LB f i l m s of NK2684, a 

merocyanine dye with d i s t i n c t h y d r o p h i l i c and hydrophobic 

s u b s t i t u t i o n s . For both dyes the o p t i c a l absorption spe c t r a 

were broadened and r e d - s h i f t e d from the s o l u t i o n spectra, and 

i n the case of NK2684 suggested the presence of some dimeric 

s t r u c t u r e i n the f i l m s . The peak absorption of both dyes as 

a f u n c t i o n of the number of deposited l a y e r s obeyed the 

Beer-Lambert law ( i . e was l i n e a r ) . Fluorescence spe c t r a of 

both dye f i l m s were dominated by excimer emission, i n d i c a t i n g 
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g r e a t e r i n t e r a c t i o n s between molecules i n t h e i r e x c i t e d 
s t a t e . 

( v ) F i l m s of the dyes were deposited by the LB technique 

onto samples of p o l y c r y s t a l l i n e z i n c sulphide, and changes i n 

the d.c photoconductivity of the semiconductor were 

i n v e s t i g a t e d . No change was observed f o r a s i n g l e monolayer 

of e i t h e r dye, but three monolayers caused small changes. 

The e f f e c t diminished r a p i d l y with more l a y e r s . The 

photoconductivity of the ZnS was found to have dropped over a 

wavelength range centred at 540nm, but to have increased at 

higher and lower wavelengths. These changes were f a r more 

marked with dye NK2684, presumably because of i t s higher 

a b s o r p t i v i t y . The s p e c t r a of the change i n photoconductivity 

suggested a d e s e n s i t i s a t i o n process, explained i n terms of 

hole i n j e c t i o n by the dye. However, consideration of the 

p o s s i b l e e f f e c t s of the s u r f a c e l a t t i c e s t r u c t u r e of the ZnS 

c r y s t a l on the o p t i c a l p r o p e r t i e s of the dyes suggested that 

other processes should not be r u l e d out. 
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CHAEIEB 2 

RESULTS AND DISCUSSIQH 

ZaSeS ELECTBQLUMINESCEHT STEUCTURES 

2.1 IHTBQDUCIIQN 
Attempting to understand and e x p l a i n the performance of 

the MIS d e v i c e s developed i n t h i s r esearch i s considerably 

hindered by the l i m i t e d current knowledge of the e l e c t r i c a l 

and s t r u c t u r a l p r o p e r t i e s of phthalocyanine LB f i l m s . Indeed 

the semiconductor s u b s t r a t e s themselves are r e l a t i v e l y novel, 

and have yet to be f u l l y c h a r a c t e r i s e d . Against t h i s 

background i t i s important to note that the a n a l y s i s of 

e l e c t r i c a l p r o p e r t i e s presented here r e l i e s on explaining 

data i n terms of p r e v i o u s l y e s t a b l i s h e d models for s i m i l a r 

systems. The most r e l e v a n t past work i s that of Batey et a l 

(1-4) with el e c t r o l u m i n e s c e n t MIS s t r u c t u r e s made by 

d e p o s i t i n g LB f i l m s on GaP s u b s t r a t e s . GaP i s amphoteric, 

and hence p-n j u n c t i o n LEDs with high i n j e c t i o n e f f i c i e n c i e s 

are a l r e a d y a t t a i n a b l e with i t . However, as a w e l l 

c h a r a c t e r i s e d m a t e r i a l i t served as the b a s i s of a 'model' 

system f o r i n v e s t i g a t i o n , extended to I I - V I compounds by t h i s 

r e s e a r c h . The r e s u l t s of the work on GaP are summarised i n 

s e c t i o n 7.3, f o l l o w i n g a b r i e f d i s c u s s i o n of 

electroluminescence i n ZnSe. 

I n the remainder of t h i s chapter the e l e c t r i c a l and 

o p t i c a l c h a r a c t e r i s a t i o n of ZnSeS Schottky b a r r i e r and MIS 

d e v i c e s i s presented and discussed. I n i t i a l l y e l e c t r i c a l 

data f o r the simple Au/ZnSeS s t r u c t u r e are studied. These 
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a r e then c o n t r a s t e d with the e l e c t r i c a l p r o p e r t i e s of devices 
where m u l t i l a y e r s of phthalocyanine have been incorporated as 
an i n s u l a t i n g l a y e r . There follow the r e s u l t s of the e f f e c t 
of the t h i c k n e s s of the LB f i l m i n s u l a t i n g l a y e r on the 
e l e c t r i c a l and EL p r o p e r t i e s of the devices. These r e s u l t s 
are i n t e r p r e t e d i n the form of a model of the energy band 
s t r u c t u r e of the MIS device. The proposed model i s used as a 
b a s i s f o r e x p l a i n i n g the electroluminescent c h a r a c t e r i s t i c s 
of the d e v i c e s , and i n p a r t i c u l a r the dependence of t h e i r 
e f f i c i e n c y upon i n s u l a t o r t h i c k n e s s . The measurement 
techniques f o r a l l the r e s u l t s presented i n t h i s chapter have 
been des c r i b e d i n Chapter 5. 

2.2. ELECTRQLUMINESCENQE IN Zngg 

I n t e r e s t i n the EL p r o p e r t i e s of I I - V I semiconducting 

m a t e r i a l s r e f l e c t s the d e s i r e to u t i l i s e t h e i r very high 

i n t e r n a l luminescent e f f i c i e n c i e s , apparent from photo- and 

cathodoluminescence measurements. I n these d i r e c t bandgap 

m a t e r i a l s r a d i a t i v e processes compete with the non-radiative 

f a r more e f f i c i e n t l y than i n the i n d i r e c t gap I I I - V 

semiconductors. However, a l l I I - V I m a t e r i a l s e x h i b i t the 

phenomenon of self-compensation, which makes i t very 

d i f f i c u l t ( i f not impossible) to prepare them i n a 

l o w - r e s i s t i v i t y p-type form necessary for the formation of 

the pn homojunctions co n v e n t i o n a l l y used for e x c i t i n g EL (an 

exception i s CdTe, but i t s bandgap of 1.5 eV i s of no use for 

v i s i b l e E L ) . E f f o r t s to produce e f f i c i e n t EL devices using 

the a l t e r n a t i v e device s t r u c t u r e s described i n Chapter 3 are 

not yet expected to compete with the w e l l - e s t a b l i s h e d 

technology of I I I - V EL devices at lower wavelengths (e.g 
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GaAsP red LEDs). However, there i s great p o t e n t i a l i n the 

green and blue regions of the v i s i b l e spectrum (A<540nm) 

where e f f i c i e n t c a r r i e r i n j e c t i o n could give devices with a 

luminance ( b r i g h t n e s s ) >1000Cdm ^ for a power d i s s i p a t i o n of 

only IWcm'^ . 

The near bandgap luminescence of I I - V I m a t e r i a l s to some 

extent d i c t a t e s t h e i r u s e f u l n e s s . ZnTe ("'SSOnm) i s i n d i r e c t 

competition with GeiAsP, as i s CdS ('^520nm) which i s anyway 

i n e f f i c i e n t at room temperature. ZnS ('^340nm) req u i r e s 

c a r e f u l c o n t r o l of doping to obtain v i s i b l e (>400nm) 

luminescence from deep ce n t r e s . T h i s leaves ZnSe ('-460nm) 

and ZnSeS a l l o y s as arguably the most l i k e l y candidates for 

producing an e f f i c i e n t I I - V I LED. 

Much r e s e a r c h has been aimed at determining the 

mechanisms r e s p o n s i b l e f o r luminescence i n these m a t e r i a l s , 

and s e v e r a l reviews of the f i e l d have been w r i t t e n ( 5 , 6 ) . 

There are e s s e n t i a l l y two forms of mechanism, edge emission 

and emission from deep c e n t r e s . 

2.2.1. Edge EmissiQn 

Edge emission d e s c r i b e s r a d i a t i v e recombination 

mechanisms occurring c l o s e to the band edges ( i . e within a 

few k T ) . I n ZnSe these processes are a t t r i b u t e d to f r e e 

e x c i t o n , bound e x c i t o n and d i s t a n t p a i r recombination as 

d i s c u s s e d i n 3.2.2. Edge emission i s d i f f i c u l t to obtain i n 

a device - band to band r a d i a t i o n i s c l e a r l y absorbed very 

s t r o n g l y by the semiconductor, and the presence of i m p u r i t i e s 

l e a d s to the s p e c t r a l output being dominated by broad bands 

of lower energy. 
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Z-2.2- Deep Ce&l^ce E&iissiQB 
T h i s can be f u r t h e r broken down in t o l o c a l i s e d and 

n o n - l o c a l i s e d processes. L o c a l i s e d emission can occur when 

impact i o n i s a t i o n of i m p u r i t i e s themselves occurs, u s u a l l y i n 

r e v e r s e b i a s (see 3.2.1.). Considerable research has been 

undertaken of t h i s impurity e f f e c t , p a r t i c u l a r l y for 

manganese cen t r e s , but i t i s not d i r e c t l y relevant to the 

c a r r i e r i n j e c t i o n s t u d i e s here. Non-localised emission 

i n v o l v e s the t r a n s i t i o n of c a r r i e r s from bands to l e v e l s 

a s s o c i a t e d with i m p u r i t i e s . The r o l e of i m p u r i t i e s such as 

copper, aluminium and c h l o r i n e has been i n v e s t i g a t e d , as w e l l 

as t h a t of i n t r i n s i c d e f e c t s i n the semiconductor l a t t i c e 

(e.g vacancy complexes). The s p e c t r a l c h a r a c t e r i s t i c s of 

luminescence are h i g h l y dependent upon impurity l e v e l s and 

hence upon growth c o n d i t i o n s . This i s one reason for 

continuing i n t e r e s t i n ZnS, s i n c e the d e s i r a b l e blue emission 

i s at a considerably lower energy than edge emission. 

7.3 GaP MIS STRUCTURES 
Batey et a l undertook a comprehensive study of the 

e f f e c t of the i n s e r t i o n of f i l m s of cadmium s t e a r a t e and 

cadmium 22-tricosenoate i n t o the gold/n-type GaP system. 

Devices i n c o r p o r a t i n g phthalocyanine LB f i l m s were a l s o 

i n v e s t i g a t e d . They found that the presence of an i n s u l a t o r 

i n c r e a s e d the e f f e c t i v e b a r r i e r height to e l e c t r o n s i n the 

device, and that the minority c a r r i e r i n j e c t i o n r a t i o (<3̂ ) and 

EL e f f i c i e n c y were i n c r e a s e d . The change i n e f f e c t i v e 

b a r r i e r height proved to be independent of f i l m thickness, 

but the EL e f f i c i e n c y showed an optimum at a t h i c k n e s s «'27nm 

for both types of f a t t y a c i d LB f i l m ( 2 ) . This t h i c k n e s s was 
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w e l l beyond t h a t a s s o c i a t e d with d i r e c t quantum mechanical 
t u n n e l l i n g , and an a l t e r n a t i v e mechanism for t r a v e r s a l of the 
i n s u l a t o r by minority c a r r i e r s was proposed. I t was assumed 
t h a t up to the optimum th i c k n e s s the flow of minority 
c a r r i e r s i s p r i m a r i l y l i m i t e d by t h e i r d i f f u s i o n i n the 
semiconductor bulk, and that they c r o s s the i n s u l a t o r v i a 
t r a p s i n i t s energy bandgap. T h i s could be by a 
Poole-Frenkel process or a 'hopping' process, which has been 
suggested as the dominant bulk conduction mechanism i n 
i n s u l a t i n g LB f i l m s ( 7 ) . As the i n s u l a t o r t h i c k n e s s i s 
i n c r e a s e d from one monolayer the b a r r i e r to majority c a r r i e r s 
remains e f f e c t i v e l y constant, but the i n c r e a s i n g a b i l i t y of 
the i n s u l a t o r to support a voltage allows an i n c r e a s i n g 
degree of band realignment to occur between the semiconductor 
valence band edge and the metal Fermi l e v e l . Hence i 
i n c r e a s e s with i n s u l a t o r t h i c k n e s s ( s e c t i o n 3.6) u n t i l the 
hole current i s p r i m a r i l y l i m i t e d by the i n s u l a t o r . Broadly 
s i m i l a r r e s u l t s were obtained with devices incorporating 
phthalocyanine f i l m s ( 3 ) , but i n t h i s case an optimum EL 
e f f i c i e n c y was found for an i n s u l a t o r t h i c k n e s s '>'5.6nm (seven 
monolayers). Such a t h i c k n e s s corresponds c l o s e l y to that 
expected from conventional tunnel i n j e c t i o n theory. 

Throughout t h i s chapter comparisons are drawn where 

thought r e l e v a n t with the r e s u l t s of Batey et a l . I n 

p a r t i c u l a r , r e s u l t s presented here c a s t some doubt on whether 

the optimum t h i c k n e s s of phthalocyanine reported by these 

workers was t r u l y of t u n n e l l a b l e dimensions. 

2.4 NEASrlDEAL gCHQTTKY DIODES 

T h i s s e c t i o n c o n s i d e r s the e l e c t r i c a l p r o p e r t i e s of 



106 

n e a r - i d e a l Schottky diode s t r u c t u r e s of Au/ZnSeS. prepared as 
d e s c r i b e d i n s e c t i o n 5.2.2. 

2-4.1 CQBdUQtiYity Data 

The current d e n s i t y as a function of voltage for a 

t y p i c a l Au/ZnSeS Schottky diode i s shown i n Figure 7.1. The 

r e v e r s e b i a s c h a r a c t e r i s t i c does not show a c l e a r current 

s a t u r a t i o n , but the l i n e a r region of the forward 

c h a r a c t e r i s t i c i s w e l l - d e s c r i b e d by equation 3.22 from the 

thermionic emission theory, i . e J.= Joexp(eV/nkT). I t should 

be noted that for a forward b i a s greater than 'v0.5V these 

d e v i c e s underwent a c a t a s t r o p h i c breakdown, pr e d i c t a b l e i n 

view of the very l a r g e current density being passed. No 

electroluminescence could be detected before f a i l u r e 

occurred. 

From the measured value of J^, = 5.6x10 Am , a value 

for the b a r r i e r height to e l e c t r o n s <̂ i,„ = 0.81eV may be 

deduced using equations 3.17 and 3.18. This assumes an 

e l e c t r o n e f f e c t i v e mass m̂ * = 0.17mg, as reported for 

ZnSe(6). However, the i d e a l i t y f a c t o r , n, for 7.1a i s 1.5. 

Card and Rhoderick's a n a l y s i s , described i n 3.6.1, suggests 

t h a t t h i s i s i n d i c a t i v e of the presence of an i n t e r f a c i a l 

l a y e r . I f so, the c a l c u l a t e d value of can only be 

regarded as an upper l i m i t , s i n c e the e f f e c t i v e b a r r i e r w i l l 

i n c l u d e a c o n t r i b u t i o n due to the i n s u l a t o r (equation 3.29). 

Using data f o r the Si-SiOj^ i n t e r f a c e ( 8 ) to approximate the 

e f f e c t of t h i s l a y e r , the i n c r e a s e i n e f f e c t i v e b a r r i e r 

h eight with t h i c k n e s s would be: i = Inm, A ^ b n 0.046eV; 

S = 2nm, A < ^ b n ^ 0.18eV; i = 3nm, ^<l>^'^ 0.4:leV. Without an 

independent measurement S can only be estimated, but for a 
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F i g u r e 7.1 Con d u c t i v i t y data for a Au/ZnSeS Schottky diode (a) under 

forward b i a s and (b) under rev e r s e b i a s . 



107 

f r e s h l y etched semiconductor su r f a c e i t would be expected 
t h a t S I n m (e.g r e f 5 ) . T h i s value has been assumed here, 
suggesting the true b a r r i e r height to e l e c t r o n s i s s t i l l 
'^O.SeV. To j u s t i f y the value found for n under these 
c o n d i t i o n s r e q u i r e s an estimate of the d e n s i t y of surface 
s t a t e s a s s o c i a t e d with the i n t e r f a c e . The capacitance data 
presented next are r e q u i r e d to make t h i s estimate. 

2-1-2 Qapasitaace Data 
Figure 7.2 shows the i n v e r s e capacitance squared vs 

v o l t a g e c h a r a c t e r i s t i c of the Schottky diode s t r u c t u r e s . The 

e r r o r bars show the standard d e v i a t i o n of values measured 

over a number of c o n t a c t s . The slope of t h i s plot suggests a 
18 - 3 

donor d e n s i t y i n the semiconductor, Nj = 1.53 x 10 cm 

The i n t e r c e p t with the voltage a x i s would imply a b a r r i e r 

height to e l e c t r o n s >1.0eV i f t h i s were assumed to be an 

i d e a l Schottky b a r r i e r (equation 3.25). However, an upper 

l i m i t of <^br^ = O.eieV has already been e s t a b l i s h e d . I t i s 

proposed t h a t the d i s p a r i t y with the value obtained from 

c o n d u c t i v i t y data i s the r e s u l t of the presence of i n t e r f a c e 

s t a t e s a s s o c i a t e d with the i n t e r f a c i a l l a y e r . The data are 

analysed using the CowleyO) model for a s t r u c t u r e 

i n c o r p o r a t i n g an i n s u l a t o r (equation 3.32), assuming a case 

which i s w i t h i n the l i m i t a t i o n s imposed by Fonash(lO). I t i s 

assumed that the t r u e b a r r i e r height i s <^t)n= 0.8eV and that 

most i n t e r f a c e s t a t e s are i n e q u i l i b r i u m with the metal, i . e 

ci(, » «<3. . which g i v e s a l i n e a r r e l a t i o n s h i p i n equation 3.32 

with the same slope as for an i d e a l Schottky diode. 

F i r s t l y i t i s necessary to consider the modification to 

the i d e a l i t y f a c t o r due to the presence of i n t e r f a c e s t a t e s . 
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A more general form of equation 3.30 i s ( 6 ) 

n = 1 + {ii/EOUs/'^ + e D j b ) ^ / ^ ! + ( S / e-.)eD^ (7.1) 
= 1 + S E j / W d ; + SeDj^) f o r o < j > > o ( ^ 

W = (Se^Vj^/eN^)''^ (7.2) 
1 6 - 2 " I 

Hence a value can be determined f o r D ^ = 3.3x10 m eV 
(S = Inm. E; 260. £5= 9. 2 ( r e f 6 ) . V ^ = 0.8V. 

= 1.5x10 m ) . These values can be used to determine the 
v a r i a b l e s o(, and V, , as featured i n equation 3.32 («<» = 0.30, 
V, = 0.13V) which prove to be c o n s i s t e n t with a d i f f u s i o n 
v o l t a g e V^^/v 0.8V. Although at best an order of magnitude 
estimate, t h i s value f o r D̂ ^̂  i s comparable with that found 
fo r the i n t e r f a c e of the n e a r - i d e a l Au/GaP system by Batey et 
a l ( 4 ) . Using Cowley and S z e ' s ( l l ) a n a l y s i s i n terms of the 
Bardeen model, i n which s u r f a c e s t a t e s were assumed to be 
uniformly d i s t r i b u t e d over an energy i n t e r v a l i n the bandgap, 
equation 3.12 g i v e s a value f o r E^ - '̂' O.leV. T h i s 
i m p l i e s that i s above the semiconductor Fermi l e v e l , and 
hence that a net p o s i t i v e charge w i l l be present at the 
i n t e r f a c e . 

2-4.3 PhQtQrespense Data 

Figure 7.3 shows the photoresponse of a t y p i c a l Au/ZnSeS 

Schottky diode i n the form of a Fowler p l o t , as described i n 

s e c t i o n 3.5.3. T h i s diagram demonstrates the problem i n 

t r y i n g to make such a measurement without a much t h i c k e r top 

e l e c t r o d e . Any generation of photoexcited e l e c t r o n s i n the 

gold i s swamped by the e x c i t a t i o n of c a r r i e r s i n the 

semiconductor as the i n c i d e n t l i g h t reaches band gap energy 

('^2.73eV f o r ZnSe^..,^ S ^ . ^ ^ ) . Even at the lower l i g h t 

e n e r g i e s corresponding to the b a r r i e r height estimated here 
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F i g u r e 7.3 Fowler p l o t of the photoresponse of a Au/ZnSeS Schottky 

diode. 
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the metal-semiconductor photoresponse could not be 
d i s t i n g u i s h e d . Consequently, t h i s technique has not been 
used f u r t h e r i n t h i s work. 

2.4.4 Energy Sand DiagraB 
The value f o r <P^^ quoted here. O.BeV as obtained from 

c o n d u c t i v i t y data, i s appreciably lower than that predicted 

f o r an i d e a l diode by the Schottky-Mott theory of equation 

3.10, which would give <^br% = l.OleV. This suggests that a 

net p o s i t i v e charge at i n t e r f a c e s t a t e s i n f l u e n c e s the 

b a r r i e r height, as proposed by the Bardeen model of s e c t i o n 

3.5. The consequent pinning of the Fermi l e v e l r e l a t i v e to 

the band edges a t the i n t e r f a c e allows l i t t l e change with 

b i a s to the d i f f e r e n c e i n b a r r i e r heights for holes and 

e l e c t r o n s , <^j,p and <^tr\ as were shown i n Figure 3.6. Thus the 

minority c a r r i e r i n j e c t i o n r a t i o w i l l remain very low for 

these devices, allowing only very low l e v e l s of 

electroluminescence, as has been seen to be the case. I n the 

model proposed f o r these Au/ZnSeS Schottky diodes the 

parameters are as shown i n Figure 7.4. These assume a metal 

work fu n c t i o n <̂ rv\ = 5.1eV and a bulk semiconductor e l e c t r o n 

a f f i n i t y of 4.09eV ( t h a t reported for ZnSe(6)). 

I t i s c l e a r from the preceding r e s u l t s that there are 

good grounds f o r hoping to improve the performance of these 

s t r u c t u r e s as ele c t r o l u m i n e s c e n t devices by the incorporation 

of a t h i n i n s u l a t i n g l a y e r . I n i t i a l l y i t was necessary to 

e s t a b l i s h t h a t LB f i l m s of phthalocyanine could be used for 

t h i s purpose. The next s e c t i o n d e s c r i b e s i n i t i a l 

measurements made on devi c e s i n c o r p o r a t i n g such f i l m s . 
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2.5 MQNzIDEAL SCHQITKY DIQDES MD MIS SISHCICSES 
T h i s s e c t i o n recounts e l e c t r i c a l p r o p e r t i e s of devices 

on a s i n g l e semiconductor s u b s t r a t e , h a l f of which was coated 

with ten monolayers of phthalocyanine before the evaporation 

of gold top contacts. Preparation was as described i n 

s e c t i o n 5.3, but i t should be noted that the devices not 

i n c o r p o r a t i n g the LB f i l m were not expected to match the 

n e a r - i d e a l Schottky diodes j u s t described. The prolonged 

exposure of the uncoated region of the substrate to the 

aqueous environment of the Langmuir trough a f t e r etching made 

the b u i l d up of some s i g n i f i c a n t i n t e r f a c i a l l a y e r 

i n e v i t a b l e . 

2.5.1 CiSnduetivity Data 

F i g u r e s 7.5 and 7.6 show current-voltage c h a r a c t e r i s t i c s 

of the two types of device. The e f f e c t of the i n s u l a t i n g 

l a y e r i s r e a d i l y apparent, p a r t i c u l a r l y at lower b i a s e s . 

C l e a r evidence for the presence of a s i g n i f i c a n t i n t e r f a c i a l 

l a y e r i n the non-film d e v i c e s i s the current l i m i t i n g which 

occurs at higher voltag es, and allowed the diodes to be 

operated at a b i a s >10V before f a i l u r e occurred. The reverse 

b i a s c h a r a c t e r i s t i c shows a c l e a r e r current s a t u r a t i o n than 

t h a t of the n e a r - i d e a l Schottky diodes. Both types of device 

show a region apparently conforming to thermionic emission 

theory, but with i d e a l i t y f a c t o r s of 1.9 for the non-film 

s t r u c t u r e and 3.5 for the d e v i c e s incorporating the LB f i l m . 

I f the equations d e s c r i b i n g the thermionic emission theory 

were assumed v a l i d , the c h a r a c t e r i s t i c s of the devices would 

i n d i c a t e b a r r i e r s to e l e c t r o n s of height 0.86eV and 0.89eV 

r e s p e c t i v e l y . The excess c o n d u c t i v i t y apparent i n the lower 
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r e g i o n of the forward bl&e c h a r a c t e r i s t i c of the LB f i l m 
device i s of u n c e r t a i n o r i g i n . One p o s s i b i l i t y i s t h a t i t i s 
associated w i t h a charge trapping e f f e c t at the i n t e r f a c e , 
presumably due t o the presence of the phthalocyanine f i l m . 
E l e c t r o n s from the semiconductor conduction band could be 
recombining i n i n t e r f a c e states then t u n n e l l i n g through the 
i n s u l a t o r t o the metal. However, t h i s e f f e c t i s not r e a d i l y 
apparent i n a l l of the MIS c o n d u c t i v i t y c h a r a c t e r i s t i c s 
presented l a t e r . For both s t r u c t u r e s i t i s clear from Figure 
7.6 t h a t f o r V 3V the current i s no longer b a r r i e r l i m i t e d 
but r a t h e r l i m i t e d by the series resistance present. The 
c h a r a c t e r i s t i c s i n d i c a t e a r e s i s t i v i t y of 2lLm probably 
associated w i t h the i n t e r f a c e between the ZnSeS and the GaAs, 
since t h i s value i s rather high f o r the semiconductor 
components alone. Both s t r u c t u r e s e x h i b i t e d detectable 
electroluminescence, i n the case of the f i l m - i n c o r p o r a t i n g 
devices at forward biases as low as 'viv. The l i g h t output of 
devices i s discussed i n section 7.7. 

7.5.2 Capacitanse Data 
The inverse capacitance squared vs voltage 

c h a r a c t e r i s t i c s , averaged over a number of contacts on the 
two s t r u c t u r e s , are shown i n Figure 7.7. Both are h i g h l y 
l i n e a r , but d i f f e r considerably from t h a t of the Schottky 
diode s t r u c t u r e i n Figure 7.2. I n each case the slope i s 
over twice t h a t f o r the Schottky b a r r i e r , though the 
semiconductor substrates were of near i d e n t i c a l donor 
co n c e n t r a t i o n . The i n t e r c e p t s w i t h the voltage axis are much 
l a r g e r , and i t i s c l e a r l y unreasonable t o attempt t o analyse 
them i n terms of equation 3.25, i . e t h a t f o r the near-ideal 
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Schottky b a r r i e r . I t i s . however, possible t o explain the 
c h a r a c t e r i s t i c s q u a l i t a t i v e l y i n terms of Cowley's model f o r 
the m e t a l - t h i n insulator-semiconductor diode. Although 
Fonash(lO) has pointed out imperfections i n the model, i t 
does p r e d i c t the change i n slope and i n t e r c e p t i n terms of 
the d i e l e c t r i c p r o p e r t i e s of the i n s u l a t i n g layer and the 
con c e n t r a t i o n of surface states. Data can also be 
i n t e r p r e t e d q u a n t i t a t i v e l y t o a l i m i t e d extent. This i s done 
i n s e c t i o n 7.6, where the e l e c t r i c a l p r o p e r t i e s of MIS diodes 
are i n v e s t i g a t e d as a f u n c t i o n of i n s u l a t o r thickness. 

The growth of an i n t e r f a c i a l l ayer when the etched 
semiconductor surface i s exposed t o the l o c a l environment f o r 
a prolonged period has a clear e f f e c t . I t i s h i g h l y probable 
t h a t such a layer also e x i s t s beneath deposited LB f i l m s , 
hence the importance of minimising i t s growth by etching 
immediately before LB f i l m d eposition. 

7..Q MIS DIQDES WITH VAEYINQ INSULATOR THICKNESS: 
ELECTRIGAL CHARACTERISATION 
This s e c t i o n deals w i t h the e l e c t r i c a l data f o r a series 

of Au/phthalocyanine/ZnSeS MIS s t r u c t u r e s w i t h i n s u l a t o r 
thicknesses of 2, 4, 6 and 8 monolayers of phthalocyanine. 
The devices were constructed on semiconductor substrates 
i d e n t i c a l t o those used i n sections 7.4 and 7.5. Their 
p r o p e r t i e s are contrasted w i t h those of the near-ideal 
Schottky diode s t r u c t u r e s . 

7.6.1 C c n d u e t i v i t y Data 
The c o n d u c t i v i t y of t y p i c a l devices up t o forward and 

reverse biases of 0.5V i s shown i n Figures 7.8 and 7.9 
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r e s p e c t i v e l y . The devices a l l act as diodes inasmuch as 
t h e i r forward current increases more r a p i d l y w i t h bias than 
reverse c u r r e n t , though the c h a r a c t e r i s t i c s are f a r from 
i d e a l . There i s an o v e r a l l t r e n d f o r decreasing c o n d u c t i v i t y 
w i t h i n c r e a s i n g f i l m thickness, and also a decrease i n the 
value of . The i d e a l i t y f a c t o r increases from ^1.5 f o r the 
Schottky diode devices t o '̂ '8.6 f o r MIS devices in c o r p o r a t i n g 
8 monolayers of phthalocyanine. Though there are some 
d e v i a t i o n s , the l n ( J ) vs V c h a r a c t e r i s t i c s are a l l f a i r l y 
l i n e a r f o r V>3kT/e ( i . e ̂ 0.075V). The reason f o r the close 
s i m i l a r i t y between the forward bias c h a r a c t e r i s t i c s f o r 2 and 
4 f i l m l a y e r s remain uncer t a i n . One arguable p o s s i b i l i t y i s 
t h a t 2 l a y e r s do not seal o f f the semiconductor surface 
s u f f i c i e n t l y t o prevent f u r t h e r formation of an i n t e r f a c i a l 
l a y e r there. There i s a marked contrast between these 
r e s u l t s and those of Batey et a l ( 4 ) f o r the low bias 
c o n d u c t i v i t y of GaP MIS diodes i n c o r p o r a t i n g cadmium stearate 
f i l m s . Their devices showed i d e a l i t y f a c t o r s close t o one 
even w i t h several LB f i l m l a y e r s . A s i n g l e monolayer reduced 

by about four orders of magnitude, but subsequent layers 
had r e l a t i v e l y l i t t l e f u r t h e r e f f e c t . However, t h e i r GaP MIS 
diodes i n c o r p o r a t i n g phthalocyanine showed a decrease i n 
i d e a l i t y f a c t o r and w i t h f i l m thickness. I t thus seems 
l i k e l y t h i s e f f e c t i s associated w i t h the p r o p e r t i e s of the 
phthalocyanine i t s e l f . 

I t i s possible t o q u a l i t a t i v e l y j u s t i f y the 
c h a r a c t e r i s t i c s presented here i n terms of the analysis by 
Card and Rhoderick(8) as i n s e c t i o n 3.6.1. They showed tha t 
the presence of an i n s u l a t o r w i l l reduce , p r i m a r i l y as a 
r e s u l t of the increase i n the e f f e c t i v e b a r r i e r height t o 
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elGotrons. This increase i s a consequence of the b a r r i e r t o 
c u r r e n t flow c o n s t i t u t e d by the energy gap of the i n s u l a t o r . 
The i d e a l i t y f a c t o r w i l l increase w i t h the associated change 
i n i n t e r f a c e s t a t e charge density. However, t h i s analysis 
can r e a l l y only be applied t o small changes i n the i d e a l i t y 
f a c t o r . I t seems f a r more p l a u s i b l e t h a t the l i m i t i n g of 
c o n d u c t i v i t y i s r e l a t e d t o conduction through the 
phthalocyanine. One p o s s i b i l i t y i s t h a t the c h a r a c t e r i s t i c s 
are i n d i c a t i v e of the r e l a t i o n s h i p l n ( J ) •'̂  v'^ t h a t 
associated w i t h the Poole-Frenkel process proposed f o r other 
LB f i l m s ( 7 ) . 

2.6.2 Capacitanee Data 
Figure 7.10 shows the inverse capacitance squared vs 

vo l t a g e c h a r a c t e r i s t i c s of the d i f f e r e n t s t r u c t u r e s averaged 
over a number of devices ( e r r o r bars representing standard 
d e v i a t i o n have been excluded t o s i m p l i f y the diagram, but 
were t y p i c a l l y ~ 10%). The p l o t s are f a i r l y l i n e a r , though 
some d e v i a t i o n i s seen f o r t h i c k e r i n s u l a t o r s . The o v e r a l l 
t r e n d apparent i s t h a t the slopes and i n t e r c e p t s of the 
p l o t t e d data both increase w i t h f i l m thickness. As w i t h the 
c o n d u c t i v i t y data the c h a r a c t e r i s t i c f o r two layers of 
phthalocyanine appears anomalous. The voltage axis i n t e r c e p t 

i s greater than t h a t f o r 4 la y e r s , again suggesting t h a t 
the growth of an i n t e r f a c i a l layer at the semiconductor 
surface may be c o n t r i b u t i n g t o the i n s u l a t o r thickness. 
However, th e r e i s no obvious explanation f o r the decrease i n 
slope which occurs. 

Before attempting t o f u r t h e r analyse the capacitance 
data, i t i s i n t e r e s t i n g t o r e f e r t o the r e s u l t s of Batey et 
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a l ( 4 ) . Their capacitance p l o t s showed the saune general trend 
w i t h i n s u l a t o r thickness as t h a t observed above. Arguing i n 
terms of the Cowley model as represented by equation 3.32 
they reasoned t h a t the increase i n slope was i n d i c a t i v e of 
the i n c r e a s i n g r e l a t i v e e f f e c t of i n t e r f a c e states at the 
semiconductor-insulator boundary. This would be manifested 
as an increase i n the term *<.2_ (or more accurately an increase 
i n the r a t i o (!+»(, + <<i)/(l + <<,)). Since t h i s increase 
a l s o a f f e c t s the voltage axis i n t e r c e p t i t i s c l e a r l y 
impossible t o derive a value f o r the d i f f u s i o n voltage 
d i r e c t l y . However, by p l o t t i n g the r e c i p r o c a l zero bias 
capacitance as a f u n c t i o n of the i n s u l a t o r thickness (as 
reproduced i n Figure 7.11) they had grounds t o propose th a t 
the d i f f u s i o n voltage was independent of the presence of LB 
f i l m s . The device was modelled by three capacitances i n 
s e r i e s ; t h a t due t o the LB f i l m (Cu^), t h a t due t o any 
i n t e r f a c i a l l a y e r (C-), and t h a t associated w i t h the 
semiconductor d e p l e t i o n region (C^^) at zero bias (C^^ i s of 
course voltage dependent). The zero bias capacitance of the 
device was then given by 

1/C = l/C^^ + 1/C-, + l/C^ (7.3) 
= /€«€kt + + 1/C,c 

where N i s the number of monolayers, d^^ and €̂ ^̂  the LB f i l m 
monolayer thickness and r e l a t i v e p e r m i t t i v i t y , and i , and 6; 
the thickness and p e r m i t t i v i t y of the i n t e r f a c i a l layer. The 
high l i n e a r i t y of Figure 7.11, coupled w i t h the f a c t t h a t the 
slope corresponded c l o s e l y w i t h the d i e l e c t r i c thickness of 
cadmium s t e a r a t e f i l m s as measured elsewhere(12), implied 
t h a t the d e p l e t i o n region capacitance and hence the d i f f u s i o n 
v o l t a g e remain constant. 
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An equivalent inverse capacitance p l o t f o r the devices 
s t u d i e d here i s shown i n Figure 7.12. Again i t i s l i n e a r , 
but the d i e l e c t r i c thickness c a l c u l a t e d from the slope i s 
0.75nm, compared w i t h 0.25nm reported by Baker et a l ( 1 3 ) . 
This would i n d i c a t e a f i l m thickness of 2.25nm per layer 
( t a k i n g the d i e l e c t r i c constant of s i n g l e c r y s t a l 
phthalocyanine as 3.0(14)). I n view of a value '̂ '2.4nm per 
l a y e r found w i t h recent p r e l i m i n a r y ellipsometry 
measurements(15), and the f a c t t h a t t h i s thickness i s s t i l l 
c o n s i s t e n t w i t h areas per molecule c a l c u l a t e d f o r 
phthalocyanine f i l m s ( 1 6 ) , i t i s thought reasonable t o assume 
t h a t the value obtained here i s c o r r e c t ( t h i s i s claimed as 
the thickness per deposited l a y e r - these are not necessarily 
monolayers). I t i s thus proposed t h a t the d i f f u s i o n voltage, 
and hence the height of the b a r r i e r t o ele c t r o n s presented by 
the semiconductor d e p l e t i o n region alone, i s unaltered by the 
presence of phthalocyanine LB f i l m s . The model suggested f o r 
the system w i t h t h i s c r i t e r i o n i s discussed i n section 7.8. 

The e f f e c t of an i n t e r f a c i a l l a y e r on t h i s type of 
c h a r a c t e r i s t i c has been considered i n terms of the Cowley 
model i n 7.4.2. I t has been found here t h a t the data 
presented i n Figure 7.12 can be s a t i s f a c t o r i l y analysed using 
Cowley's equation 3.32, even though i t i s known t o be 
s l i g h t l y i n e r r o r . I t can be seen from t h i s equation th a t t o 
increase the slope and i n t e r c e p t as has been found requires 
an increase i n the r e l a t i v e value of o(^, and hence the number 
of surface states which are i n e q u i l i b r i u m w i t h the 
semiconductor rather than the metal. This i s a l o g i c a l 
progression as the thickness of the i n s u l a t o r between metal 
and semiconductor i s increased. I f i t i s assumed tha t the 
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d i f f u s i o n voltage (V^^ 0.8V) and donor concentration 
( N j 1.5xl0^*^m ^) obtained from the near-ideal Schottky 
diode s t r u c t u r e s are c o r r e c t , i n t e r f a c e d e n s i t i e s can be 
deduced. I f the change i n slope from the Schottky diode case 
i s denoted by 

X = ( 1 + ^, + o(2.)/(l + <<,) (7.4) 

the v o l t a g e axis i n t e r c e p t from equation 3.32 can be 
r e w r i t t e n 

= V,/4x(l +o<,)^ + V,''^VjJ'V(l +o<,) + V^^x (7.5) 
This i s a quadratic i n 1/(1 + »<,) which can be solved 

1/(1 + = (-v/'^vj'^ 
1 Jv, Vj^ + V, (V^ - V^^x)/x] )/(V, /2X) 

= 2[(V^x)^' - (Vj^)\^/V,''^ (7.6) 
The capacitance data were analysed using t h i s equation. 
Values of V, were estimated using a s i n g l e l a y e r thickness 
f o r phthalocyanine of 2.25nm, and assuming an i n t e r f a c i a l 
l a y e r beneath the LB f i l m i d e n t i c a l t o t h a t f o r the 
n e a r - i d e a l Schottky diodes. The r e s u l t s of t h i s analysis are 
presented i n Table 7.1. Note t h a t the anomalous slope f o r 2 
l a y e r s of phthalocyanine i s not considered. 

Although the i n t e r f a c e s t a t e d e n s i t i e s obtained must 
only be regarded as order of magnitude estimates, the r a t i o s 
^ s a ' ^ i b ^® taken as f a i r l y r e a l i s t i c . These display a 
t r e n d f o r an i n c r e a s i n g p r o p o r t i o n of the i n t e r f a c e states 
being i n e q u i l i b r i u m w i t h the semiconductor as the i n s u l a t o r 
thickness grows, as would be expected. D̂ ,̂  does not drop 
s i g n i f i c a n t l y f o r f i l m thicknesses beyond t h a t normally 
associated w i t h quantum mechanical t u n n e l l i n g ( ^ ^ lOnm). 
This suggests t h a t communication between the metal and the 
semiconductor i s by other processes (e.g Poole-Frenkel 
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conduction i n the LB f i l m ) . This i s the same conclusion as 
t h a t drawn by Batey et a l f o r Au/GaP s t r u c t u r e s i n c o r p o r a t i n g 
f a t t y a c i d LB f i l m s ( 4 ) . 

1.1 MIS DIQDES SIIH YAEYIHG IHSHLATQE THICKHESS: 
QPTICAL CHMACTEBISATIQH 
This s e c t i o n i s concerned w i t h the study made of the EL 

p r o p e r t i e s of the MIS diodes discussed i n sections 7.5 and 
7.6. L i g h t output was measured using the techniques 
described i n Chapter 5. 

2.2.1 Speetral D i S t r i f e u t i e n fif ElectrfiluininesceBee 
The forward and reverse bias EL spectra of an MIS diode 

w i t h 10 l a y e r s of phthalocyanine incorporated are shown i n 
Figure 7.13. The spectra have been corrected f o r the 
responses of the monochromator and p h o t o m u l t i p l i e r tube used 
i n the measurement. The forward bias EL was exc i t e d by a 

4- -2. 
d r i v e c u r r e n t of ~ 5 x l 0 Am at 5V, and the reverse bias EL 

3 -1 

by a d r i v e c u r r e n t of '̂ '3x10 Am at -lOV. The diodes were 
prone t o c a t a s t r o p h i c f a i l u r e beyond t h i s reverse bias. 
Power conversion e f f i c i e n c i e s were estimated by i n t e n s i t y 
comparisons w i t h unencapsulated green-emitting GaP LEDs 
supplied by Dr.G.Lidgard of Plessey Ltd. The e x t e r n a l power 
conversion e f f i c i e n c i e s estimated f o r both biases under the 
above c o n d i t i o n s were only '^3x10 but t h i s f i g u r e improved 
markedly f o r higher forward bias. 

The forward bias EL output peaked i n the yellow at 580nm 
w i t h a h a l f height w i d t h of 80nm. Such deep centre emission 
from ZnSe i s well-documented, and temperature dependent 
st u d i e s of photoluminescence have shown i t t o be a 
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s e l f - a c t i v a t e d luminesoenoe band a r i s i n g from l o c a l i s e d 
s t a t e s of a centre c o n s i s t i n g of a Zn vacancy and an Al 

impurityCe). None of the diodes i n v e s t i g a t e d here showed any 

measurable band-to-band EL which would be expected to peak i n 

the blue at about 460nin. A past study of the 

cathodoluminescent p r o p e r t i e s of ZnSe f i l m s grown by MOCVD 

found that the r a t i o of photon i n t e n s i t y i n the blue to that 

i n the yellow v a r i e d between 10 and 10 over a range of 

samples(17). I t i s thought that i t should be possi b l e to 

f i n d an optimum doping d e n s i t y such that the more d e s i r a b l e 

blue emission w i l l dominate, without e x c e s s i v e l y reducing the 

c o n d u c t i v i t y of the semiconductor s t r u c t u r e s . Indeed, 

p r e l i m i n a r y work on MOCVD f i l m s of ZnSe with a donor density 
17 -3 

~10 cm detected EL output dominated by a narrow band at 

469nm(4). The devices studied i n that case s u f f e r e d from 

high r e s i s t i v i t y (and hence required high operating voltages) 

due to the l a t t i c e mismatch between GaAs and r e l a t i v e l y pure 

ZnSe. 

Reverse b i a s EL from the diodes has not been studied i n 

d e t a i l s i n c e devices were prone to f a i l u r e at the required 

operating voltages. However, the s p e c t r a l d i s t r i b u t i o n of 

the EL obtained i s c l e a r l y d i f f e r e n t from that for the 

forward b i a s case. The s t r u c t u r e of the c h a r a c t e r i s t i c i s 

f a r more broad band, and shows two d i s t i n c t peaks at 500nm 

and 540nm. A band peaking at 545nm has prev i o u s l y been 

reported f o r r e v e r s e b i a s EL from c r y s t a l s of ZuS^.^, Se^.^ , 

and assigned to impact i o n i s a t i o n of s e l f - a c t i v a t e d 

luminescent c e n t r e s ( 1 8 ) . Here i t w i l l s u f f i c e to suggest 

t h a t the emission i s a r e s u l t of one of the high f i e l d 

e f f e c t s d e s c r i b e d i n s e c t i o n 3.2.1. I t should be noted that 



F i g u r e 7.14 Au/phthalocyanine/ZnSeS MIS diodes operating i n ( a ) forward 

and (b) re v e r s e b i a s . 
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the t h r e s h o l d voltage for d e t e c t i n g EL was i n v a r i a b l y 6V i n 
r e v e r s e b i a s . compared with '̂ '1. IV i n forward b i a s . 

F i g u r e s 7.14a and b are photographs of diodes operating 

at a forward b i a s of lOV and a reverse b i a s of 20V 

r e s p e c t i v e l y . The gold top e l e c t r o d e s are 1mm i n diameter. 

The forward b i a s case shows l i g h t being emitted through and 

around the gold top e l e c t r o d e , whereas l i g h t was only seen to 

come through the e l e c t r o d e for r e v e r s e b i a s . A possible 

explanation i s the lower s e l f absorption i n the semiconductor 

of the higher wavelength forward b i a s EL (Figure 7.15 shows 

the r e f l e c t a n c e spectrum of a ZnSeS/GaAs sample i n d i c a t i n g an 

absorption edge at 455nm). However, there i s i n s u f f i c i e n t 

d i f f e r e n c e between the s p e c t r a l outputs of the two p o l a r i t i e s 

to j u s t i f y such c o n t r a s t i n g behaviour. I t i s l i k e l y that the 

spreading of l i g h t emission i s more a . consequence of 

i n j e c t i o n e f f e c t s extending beyond the area of the electrode 

due to l a t e r a l conduction i n the phthalocyanine f i l m . 

1.1.Z B i a s Dependesee e f EL Output 

F i g u r e s 7.16 and 7.17 are l o g a r i t h m i c p l o t s of the 

i n c r e a s e i n forward b i a s EL i n t e n s i t y with voltage and 

c u r r e n t d e n s i t y r e s p e c t i v e l y (the ordinates are the same i n 

both diagrams). They are t y p i c a l c h a r a c t e r i s t i c s of devices 

i n c o r p o r a t i n g 10 monolayers of phthalocyanine. For lower 

l e v e l s of l i g h t output both c h a r a c t e r i s t i c s obey power law 

r e l a t i o n s h i p s which remain v a l i d up to a current density 
4 -1 

-^2x10 Am corresponding to a b i a s of 8V. As i n d i c a t e d , the 

EL i n t e n s i t y i n c r e a s e s as V and as J ̂ '̂  . T h i s i s somewhat 

d i f f e r e n t to the v a r i a t i o n reported for ZnSe MIS diodes by 

other workers where the r e l a t i o n s h i p took the form I 
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( i n t e n s i t y ) oc j " . with n ~ 2 f o r low current l e v e l s 

( J < lO^Am'^) and n 'v- 1 for higher current l e v e l s ( 1 9 , 2 0 ) . A 

l i n e a r dependence of emission i n t e n s i t y on device current has 

often been observed for r a d i a t i v e recombination a s s o c i a t e d 

with a h i g h - f i e l d i m p a c t - i o n i s a t i o n p r o c e s s ( 6 ) . The more 

r a p i d r i s e here i s thought to i n d i c a t e that the voltage drop 

a c r o s s the i n s u l a t o r i s continuing to r a i s e the semiconductor 

valence band edge towards the metal Fermi l e v e l . The 

minority c a r r i e r i n j e c t i o n r a t i o and hence the e f f i c i e n c y of 

the device w i l l r i s e e x p o n e n t i a l l y with the decrease i n the 

d i f f e r e n c e i n b a r r i e r heights to e l e c t r o n s and holes. That 

t h i s degree of band bending has not been achieved at a lower 

b i a s may be an i n d i c a t i o n that a s u b s t a n t i a l proportion of 

the voltage a p p l i e d i s being dropped at the i n t e r f a c e between 

the ZnSeS and the GaAs s u b s t r a t e . I t i s c e r t a i n l y c l e a r from 

the c o n d u c t i v i t y data of Figure 7.6 that some s e r i e s 

r e s i s t a n c e e f f e c t i s dominating the c h a r a c t e r i s t i c s for 

v o l t a g e s g r e a t e r than '^5V. T h i s would help e x p l a i n the 

r a t h e r low e x t e r n a l e f f i c i e n c i e s a t t a i n e d with the devices. 

The maximum power conversion e f f i c i e n c y estimated for a 

t y p i c a l diode i n c o r p o r a t i n g 10 monolayers of phthalocyanine 
-A-

was 'v2xl0 % at a b i a s of lOV and a current density 
4 - I 

'-5x10 Am , c l o s e to the r e l i a b l e operating l i m i t s of the 
d e v i c e s . 

7.7.3 V a r i a t i f i n Qf EL E f f i Q i e n e y 

F i g u r e s 7.18 a and b show the v a r i a t i o n i n the estimated 

EL power conversion e f f i c i e n c i e s of Au/LB film/ZnSeS diodes 

with the number of incorporated monolayers. I n each case the 

d e v i c e s were d r i v e n by a current d e n s i t y of 5x10 Am 
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F i g u r e 7.18b i s a semi-logarithmic p l o t which shows more 
c l e a r l y the lower e f f i c i e n c i e s obtained for devices 
i n c o r p o r a t i n g 2 and 4 monolayers of phthalocyanine. Once 
again i t can be seen that the r e s u l t obtained with 2 
monolayers appears anomalous. 

I t i s not r e a l i s t i c on the b a s i s of these r e s u l t s to 

c l a i m t hat an optimum i n s u l a t o r t h i c k n e s s has been 

determined. Diodes with i n s u l a t o r t h i c k n e s s e s greater than 

10 monolayers were not a v a i l a b l e due to d i f f i c u l t i e s yet to 

be overcome i n the deposition of t h i c k e r LB f i l m s of 

phthalocyanine. Nonetheless, an i n c r e a s e i n EL e f f i c i e n c y of 

over two orders of magnitude between diodes incorporating 4 

and 8 monolayers c o n t r a s t s c l e a r l y with the very small change 

between 8 and 10 monolayers. Thus i t seems l i k e l y that the 

c h a r a c t e r i s t i c has at l e a s t reached a plateau i f not an 

optimum. I f the t h i c k n e s s of 10 monolayers i s taken to be 

'>'23nm (as claimed i n s e c t i o n 7.6.2), t h i s r e s u l t can be 

compared with those reported by other workers. The only 

r e l a t e d data f o r phthalocyanine LB f i l m s are those of Batey 

et a l f o r GaP MIS d i o d e s ( 3 ) , reproduced i n Figure 7.19 (note 

t h a t i t i s suggested here that the optimum t h i c k n e s s Sopt was 

a c t u a l l y ~16nm). Although there are obvious s i m i l a r i t i e s 

between the c h a r a c t e r i s t i c s , the f a r greater r e l a t i v e 

i n c r e a s e i n EL e f f i c i e n c y reported here makes d i r e c t 

comparison d i f f i c u l t . However, the r e s u l t s of Livingstone et 

a l ( 1 9 ) (reproduced i n Figure 7.20) appear more c l o s e l y 

r e l a t e d . They claimed an i n c r e a s e i n e f f i c i e n c y of over four 

orders of magnitude with i n c r e a s i n g i n s u l a t o r t h i c k n e s s up to 

f^Zdnm, and l i t t l e subsequent change up to 180nm. I n t h e i r 

work the i n s u l a t o r was a n a t i v e oxide grown on Mn doped ZnSe, 
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and t h i c k n e s s was estimated from conductivity and capacitance 
measurements. Broadly s i m i l a r r e s u l t s have been obtained by 
Watanabe et a l ( 2 0 ) using vacuum deposited ZnSe f i l m s as an 
i n s u l a t o r . I n a l l these cases maximum e f f i c i e n c y was 
obtained f o r i n s u l a t o r t h i c k n e s s e s w e l l beyond those at which 
t u n n e l l i n g of c a r r i e r s between metal and semiconductor would 
play a s i g n i f i c a n t r o l e . One favoured explanation of the 
c h a r a c t e r i s t i c s i s a two-stage Auger recombination process 
f i r s t proposed by F i s c h e r ( 2 1 ) . T h i s and other p o s s i b l e 
processes o c c u r r i n g i n the Au/LB film/ZnSeS diodes are 
d i s c u s s e d i n s e c t i o n 7.8. 

1.1-4: D e v i s e D e g r a d a t i Q B 

I f LB f i l m i n s u l a t o r s are ever to form the b a s i s of a 

commercial device i t i s important that they maintain t h e i r 

p r o p e r t i e s under the operating conditions a s s o c i a t e d with EL. 

Phthalocyanine LB f i l m s were used i n t h i s research because 

they have been found to be f a r more mechanically and 

t h e r m a l l y s t a b l e than c l a s s i c a l m a t e r i a l s . The EL i n t e n s i t y 

as a f u n c t i o n of time for a diode incorporating 10 monolayers 

of phthalocyanine i s shown i n Figure 7.21. The device was 
4 -Z 

run a t a continuous c u r r e n t d e n s i t y of 5x10 Am using a 

constant c u r r e n t source. The steep curve ( a ) was the i n i t i a l 

degradation of the device from switch on; (b) shows i t s 

behaviour a f t e r being switched off and allowed to recover for 

'v'30 minutes; and ( c ) a f t e r being run f o r 15 hours followed by 

a 30 minute recovery time. The c h a r a c t e r i s t i c s i n d i c a t e that 

a f a i r l y r a p i d d e t e r i o r a t i o n i n performance occurs, but that 

EL output s t a b i l i s e s a t about 20% of i t s i n i t i a l value. The 

output d i d not drop s i g n i f i c a n t l y from t h i s value even a f t e r 



TIMEIs) 

F i g u r e 7.21 Device degradation c h a r a c t e r i s t i c s of 

electroluminescence from Au/LB film/ZnSeS MIS 

diodes. ( a ) From f i r s t switch on, (b) a f t e r 30 

minutes recovery, ( c ) a f t e r 15 hours operation 

and 30 minutes recovery-
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15 hours continuous operation. The c o n d u c t i v i t y was noted to 
have n e a r l y doubled a f t e r t h i s time, hence the power 
conversion e f f i c i e n c y was at -^40% of i t s i n i t i a l value. The 
p a r t i a l recovery of the device suggests that an i n c r e a s e i n 
c o n d u c t i v i t y due to heating e f f e c t s , a s s o c i a t e d with the 
f a i r l y high current density, may be a contributory f a c t o r . 
The e f f e c t may be r e d u c i b l e i f the diodes were pulse driven. 
However, the i r r e v e r s i b l e drop to about 40% of the i n i t i a l 
i n t e n s i t y i s probably a s s o c i a t e d with changes i n the 
c o n d u c t i v i t y of the phthalocyanine f i l m . I f future research 
l e a d s to d e v i c e s with the high e f f i c i e n c i e s required for 
commercial development, the mechanisms responsible for t h i s 
degradation w i l l need to be studied i n depth. 

7.S PROPOSED MODEL FQE MIS DEVICES 

An energy band model for the MIS devices studied i n t h i s 

r e s a r c h must j u s t i f y t h e i r observed p r o p e r t i e s . The relevant 

p r o p e r t i e s are an estimated b a r r i e r height due to the 

d e p l e t i o n region of '^o.SeV, a threshold for observed EL --IV, 

a r a p i d r i s e i n EL output up to a forward b i a s of '̂ 'lOV, and a 

reduced r a t e of i n c r e a s e beyond t h i s . Figure 7.22 represents 

the energy bands i n a device under forward b i a s ( c f Figure 

3.7). For b i a s v o l t a g e s below the t h r e s h o l d (V ;̂  IV) case 

( a ) a p p l i e s . The most r e s i s t i v e part of the device i s the 

d e p l e t i o n region, and the primary e f f e c t of the forward b i a s 

i s to r a i s e the Fermi l e v e l i n the semiconductor to cause a 

l e v e l l i n g out of the energy bands. There i s l i t t l e change to 

the d i f f e r e n c e i n b a r r i e r heights to e l e c t r o n s and holes , 

and consequently ^ remains low. Beyond the threshold voltage 

(b) a s i g n i f i c a n t part of the a p p l i e d b i a s i s dropped across 
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F i g u r e 7.22 Proposed energy band diagrams for Au/phthalocyanine/ZnSeS 

d e v i c e s : ( a ) V IV (below t h r e s h o l d ) ; (b) IV « V ^ lOV 

(above t h r e s h o l d ) ; and ( c ) V ^ lOV. 
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the i n s u l a t o r , and Ej,„ i s able to descend on the band diagram 

towards the semiconductor valence band E^. The reduction i n 

the semiconductor b a r r i e r height f o r holes leads to an 

i n c r e a s e i n If and hence EL output, as an increased population 

of e l e c t r o n hole p a i r s becomes a v a i l a b l e for r a d i a t i v e 

recombination. / w i l l i n c r e a s e exponentially with AV; . As V 

i s i n c r e a s e d the t o t a l current through the device i s l i m i t e d 

by s e r i e s r e s i s t a n c e e f f e c t s and the a s s o c i a t e d voltage drop 

Vg becomes a s i g n i f i c a n t f r a c t i o n of V. Figure 7.6 showed 

t h a t voltage s t a r t s to be dropped across the s e r i e s 

r e s i s t a n c e a t 'v2V forward b i a s . Thus i t i s not u n t i l V ^ lOV 

t h a t the metal Fermi l e v e l i s below the semiconductor valence 

band edge ( F i g u r e 7.22c). At t h i s b i a s and above the 

i n c r e a s e i n the number of valence band s t a t e s contributing to 

the hole c u r r e n t w i l l have a r e l a t i v e l y weak dependence on 

tS\ . T h i s e f f e c t i s manifested as a reduced r a t e of i n c r e a s e 

i n the EL output with b i a s . The model which has been 

d e s c r i b e d here i s simply an adaptation of that used i n 

conventional tunnel i n j e c t i o n theory(22). The theory a l s o 

p r e d i c t s , f o r a f i x e d t o t a l current density, that i ' w i l l 

i n i t i a l l y i n c r e a s e with i n c r e a s i n g i n s u l a t o r thickness ( S ) 

s i n c e AV-, i s l a r g e r , u n t i l the case where E^^ ^ E^ a f t e r 

which the hole current grows l e s s r a p i d l y with S . At some 

t h i c k n e s s the i n s u l a t o r w i l l have a greater l i m i t i n g e f f e c t 

on c a r r i e r t r a n s p o r t than d i f f u s i o n processes i n the 

semiconductor bulk, and the hole current w i l l begin to f a l l . 

For an i d e a l i n s u l a t o r t h i s t h i c k n e s s w i l l be d i c t a t e d by the 

l i m i t s f o r quantum mechanical t u n n e l l i n g , and indeed Card and 

Smith(22) reported an optimum i n s u l a t o r t h i c k n e s s of'v4.0nm 

f o r GaP MIS d e v i c e s i n c o r p o r a t i n g S i 0 2 • The r e s u l t s reported 
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here. and. f o r example, those of Batey et a l ( l , 2 . 4 ) and 
L i v i n g s t o n e et a l ( 1 9 ) . have i n d i c a t e d that ^ G&n increase 
with S w e l l beyond the l i m i t for t u n n e l l i n g ( ̂ 'v lOnm). 
C l e a r l y an a l t e r n a t i v e minority c a r r i e r i n j e c t i o n mechanism 
must be r e s p o n s i b l e . 

F i s c h e r ( 2 1 ) proposed a two-stage Auger recombination 

process, shown s c h e m a t i c a l l y i n Figure 7.23. E l e c t r o n s 

coming over the b a r r i e r presented by the i n s u l a t o r w i l l enter 

the metal with k i n e t i c energies given by E^^ + ©• some 

may e x c i t e deep-lying e l e c t r o n s to s t a t e s c l o s e to the Fermi 

l e v e l by an Auger recombination process. I f the holes 

produced are s u f f i c i e n t l y e n e r g e t i c they may surmount the 

hole b a r r i e r presented by the i n s u l a t o r (S) and recombine 

r a d i a t i v e l y i n the semiconductor. This mechanism i s believed 

to be i n h e r e n t l y i n e f f i c i e n t , which could e x p l a i n the low EL 

e f f i c i e n c i e s obtained here and elsewhere. The r a t e of 

i n j e c t i o n of holes w i l l depend c r i t i c a l l y on the band 

s t r u c t u r e of the i n s u l a t o r , and the b a r r i e r s i t presents to 

e l e c t r o n s and holes. The process by which c a r r i e r s t r a v e r s e 

the i n s u l a t o r remain uncertain, and a l t e r n a t i v e mechanisms 

such as holes moving v i a trapping l e v e l s i n the i n s u l a t o r 

bandgap cannot be r u l e d out. 

7.9 SUMMARY 

Th i s chapter has presented the r e s u l t s of an 

i n v e s t i g a t i o n of e l e c t r i c a l and o p t i c a l c h a r a c t e r i s t i c s of 

Au/phthalocyanine LB film/ZnSeS electroluminescent MIS 

diodes. These r e s u l t s and some of the conclusions drawn from 

them may be summarised as follows: 

( i ) Au/ZnSeS s t r u c t u r e s were shown to behave as 
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F i g u r e 7.23 Schematic r e p r e s e n t a t i o n of hole i n j e c t i o n by a 
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hole i n j e c t e d i n t o semiconductor. 
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near-ideal Sohottky diodes with a barrier height to electrons 
*0.8eV. The presence of a t h i n i n t e r f a c i a l layer, 
c o n s t i t u t i n g an additional barrier to the transport of 
ca r r i e r s between the semiconductor and metal, was deduced. 
This layer did not cause s u f f i c i e n t band realignment to 
s i g n i f i c a n t l y raise the minority carrier i n j e c t i o n r a t i o , and 
consequently no EL was detectable from these devices at drive 

» 4- -2 
current densities up to A,IO Am Beyond t h i s current the 
devices were prone to f a i l u r e . 

( i i ) The incorporation of a phthalocyanine LB f i l m 
i nsulator i n t o the diodes l i m i t e d the t o t a l current flow and 
El was detectable with a threshold voltage 'viv i n forward 
bias and '^ev i n reverse bias. For a forward bias ^3V the 
conductivity characteristics were dominated by a series 
resistance, believed to be a result from the interface 
between the ZnSeS e p i t a x i a l layer and the GaAs substrate on 
which i t was grown. 

( i i i ) Capacitance and conductivity measurements, made as 
a function of the number of LB f i l m layers incorporated into 
the devices, suggested that the effective barrier height to 
electrons increased with f i l m thickness, but that the 
d i f f u s i o n p o t e n t i a l i n the semiconductor was unaltered. 

( i v ) The spectral d i s t r i b u t i o n s of EL emitted were 
consistent with radiative recombination from enhanced 
minority c a r r i e r i n j e c t i o n i n forward bias, and 
impact-ionisation i n reverse bias. The EL output increased 
rapidly with forward bias up to 'vlOV, indicating that the 
degree of band realignment i n the semiconductor was being 
reduced by the e f f e c t of series resistance. 

(v) The power conversion efficiency of the devices was 
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Strongly dependent upon insulator thickness, r i s i n g by over 
two orders of magnitude when was increased from ~9nm to 
'-18nm. The maximum external efficiency achieved was 
estimated as 2x10 ̂ % for a device incorporating ten layers of 
phthalocyanine ('v23nm). The efficiencies for greater 
insulator thicknesses are unknown due to d i f f i c u l t i e s i n 
r e l i a b l y depositing further layers of phthalocyanine. 

( v i ) The power conversion ef f i c i e n c i e s achieved were 
disappointingly low i n view of the estimated in t e r n a l quantum 
ef f i c i e n c y of the ZnSeS films(17). This i s thought to be 
p a r t l y a result of losses associated with series resistance 
e f f e c t s . However, the mechanism by which holes i n the 
valence band are replenished during forward bias EL i s not 
properly understood, and could well be a l i m i t i n g low 
ef f i c i e n c y process. 
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CHAPTER a 
CQHCLUSIQHS MD SUGGESTIONS 

EQE ZUETHEE SQES 

The aims of t h i s research were twofold, to demonstrate 
the dye sen s i t i s a t i o n of a semiconductor with a dye i n the 
form of an LB f i l m , and to examine the properties of MIS 
l i g h t emitting diodes with a stable LB f i l m as the 
d i e l e c t r i c . 

I t was shown that a merocyanine dye without any gross 
hydrophobic and hydrophilic substitutions behaved well as a 
Langmuir f i l m at the air-water interface. The value of 
surface area per molecule calculated from the pressure-area 
characteristics of the dye f i l m was consistent with that 
estimated by molecular modelling, suggesting that a monolayer 
had been formed. Incorporating the dye into a matrix of 
cadmium arachidate at a molecular r a t i o of 1:1 enabled i t to 
be deposited as films onto various substrates using the LB 
f i l m technique. The opt i c a l characteristics of LB films of 
the unsubstituted dye were compared and contrasted with those 
of a merocyanine dye with the amphiphilic substitutions 
normally associated with more conventional LB f i l m materials. 
The absorption by both dyes as a function of f i l m thickness 
obeyed the Beer-Lambert law, though the absorptivity of the 
unsubstituted dye chromophore was lower. Fluorescence 
spectra of the dyes indicated the presence of some dimeric 
structure i n the fi l m s . When films of the dyes were 
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deposited onto pol y c r y s t a l l i n e zinc sulphide i t was found 
that the presence of three monolayers of either dye reduced 
the d.c photoconductivity of the ZnS i n the spectral range at 
which the dye absorbed most strongly. The f i l t e r i n g action 
of the dyes was shown to be i n s u f f i c i e n t for t h i s effect, and 
i t was proposed that the change i n photoconductivity was 
i n d i c a t i v e of a desensitisation process, explained i n terms 
of hole i n j e c t i o n by excited dye molecules. Although t h i s 
was the complementary eff e c t to that sought, i t i s believed 
that these results demonstrate the f e a s i b i l i t y of spectrally 
sen s i t i s i n g a semiconductor with LB films of such dyes. 

The incorporation of LB f i l m layers of phthalocyanine as 
an insulator i n t o gold/ zinc sulphur selenide structures was 
shown to enhance the properties of the system as an 
electroluminescent (EL) device. Au/ZnSeS structures were 
i n i t i a l l y fabricated which behaved as near-ideal Schottky 
diodes with a barrie r height to electrons '̂ 'O.BeV, but no EL 
was detectable from these devices up to t h e i r operating 
l i m i t s . The presence of a phthalocyanine insulating layer 
l i m i t e d the current i n the devices, and EL was detectable for 
forward biases >1V. EL output increased rapidly with forward 
bias up to '̂ lOV, indicating enhanced minority carrier 
i n j e c t i o n with band realignment. The degree of band 
realignment was thought to be l i m i t e d by a voltage drop 
associated with series resistance effects. Measurement of 
the e l e c t r i c a l characteristics of these devices as a function 
of the number of deposited layers of phthalocyanine suggested 
that the e f f e c t i v e b a r r i e r to electrons increased with 
insulator thickness, but that the d i f f u s i o n potential i n the 
semiconductor was unaltered. The device EL efficiency was 
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Strongly dependent upon the i n s u l a t o r t h i c k n e s s , r i s i n g by 
-4 

over two orders of magnitude to a maximum of 2x10 % 
achieved with ten layers of phthalocyanine ('v23nm). The 
behaviour of the devices was explained by adapting the model 
used i n conventional tunnelling i n j e c t i o n theory. An 
alt e r n a t i v e mechanism to tunnelling was required to explain 
the traversal of the insulator by carriers, and i t was 
suggested that i t may be the efficiency of t h i s process which 
l i m i t s the overall device efficiency. 

SUGGESTIONS FQE FURTHEE WQEK 
There are a number of areas which could benefit from the 

extension of the work described i n t h i s thesis. The study of 
dyes as LB f i l m materials was very successful i n the 
development of the LB films themselves, but has yet to show 
the clear sen s i t i s a t i o n process which should be possible with 
a dye i n t h i s form. The research undertaken was limited by 
the lack of a v a i l a b i l i t y of suitable substrate materials. 
However, recent developments i n t h i n f i l m sputtering 
techniques are allowing f i n e r control of the properties of 
semiconductor materials deposited i n t h i s form. Work w i l l 
s h o r t l y commence at Durham on the deposition of LB films onto 
sputtered zinc oxide, supplied by Plessey Ltd. I t i s hoped 
that i t w i l l prove possible to demonstrate the dye 
sen s i t i s a t i o n of the photoelectrical properties of these 
f i l m s , i n p a r t i c u l a r with the dye SC58497. I f an effect i s 
observed, the technique could then be extended to the 
fa b r i c a t i o n of photodetector and solar c e l l devices for 
characterisation. As properties of phthalocyanine LB films 
become better understood, these too could be used i n dye 



132 

een s i t i s a t i o n studies. 
Future work on MIS based LEDs should f i r s t concentrate 

on the f u l l characterisation of devices based upon MOCVD 
grown ZnSeS, with i n i t i a l l y a reversion to classical LB films 
( i . e cadmium stearate and cadmium 22-tricosenoate) whose 
properties as LB films are at present better understood than 
those of phthalocyanine. This would help show whether the 

1 

devices studied to date have reached a d i s t i n c t optimum i n 
insulator thickness, as has been reported for GaP MIS LEDs. 
Continuing work with phthalocyanine should be aimed at 
improving the s t a b i l i t y of devices, which would probably 
benefit from encapsulation. I t i s already planned to extend 
the study of EL devices to MIS structures on gallium n i t r i d e 
substrates. 
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EIGUEE CAEIIQHS 

Figure 2.1 Schematic representation of intramolecular 
energy tr a n s i t i o n s of organic materials. 

Figure 2.2 Energy levels of dyes and a semiconductor 
depicting spectral sensitisation (a) by electron 
transfer, (b) by energy transfer (af t e r 
West(4)). 

Figure 2.3 Relations between energy levels of dyes and the 
energy bands of a semiconductor (afte r 
Dahne(6)). 

Figure 2.4 Spectral d i s t r i b u t i o n of the photoconductivity 
of ZnO powder. 1) Unsensitised; dyed with: 
2) erythrosine; 3) pinacyanol; 4) cryptocyanine; 
5) neocyanine; 6) xenocyanine (a f t e r Akimov(2)). 

Figure 2.5 Demonstration of energy transfer by the 
fluorescence of LB f i l m structures incorporating 
dyes ( a f t e r Kuhn et a l ( 8 ) ) . 

Figure 3.1 Radiative recombination mechanisms i n a 
semiconductor. 

Figure 3.2 Luminous ef f i c i e n c y of the human eye vs incident 
l i g h t wavelength. 

Figure 3.3 Schematic diagram of a p-n homojunction (a) i n 
equilibrium and (b) under forward bias. 
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Figure 3.4 

Figure 3.5 

Figure 3.6 

Figure 3.7 

Figure 4.1 

Figure 4.2 

Figure 4.3 

Figure 4.4 

Figure 4.5 

Figure 4.6 

Energy band diagram of an ideal Sohottky barrier 
(a) i n equilibrium, (b) under forward bias and 
(c) under reverse bias. 
Energy band diagram depicting the formation of a 
Schottky b a r r i e r with a high surface state 
density. (a) Metal and semiconductor separate, 
(b) i n equilibrium. 
Energy band diagram of a Schottky barrier 
incorporating a t h i n i n t e r f a c i a l layer (a) i n 
equilibrium and (b) under forward bias. 
Energy band diagram of an MIS structure (a) i n 
equilibrium and (b) under forward bias. 
Schematic diagram of a modern Langmuir trough. 
The inset shows a plan view of the constant 
perimeter barrier (a) f u l l y open and (b) f u l l y 
compressed. 
The Langmuir trough at Durham University used 
for t h i s work. 
Control instrumentation associated with the 
Langmuir trough. 
The molecular structure of a t y p i c a l merocyanine 
dye showing (a) the covalent and (b) the 
charge-separated dipolar forms(17). 
The molecular structures of (a) metal-free 
phthalocyanine and (b) asymmetrically 
substituted copper phthalocyanine. 
Typical compression isotherms for (a) stearic 
acid and (b) asymmetrically substituted copper 
phthalocyanine. 
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Figure 4.7 

Figure 4.8 

Figure 5.1 

Figure 5.2 

Figure 5.3 

Figure 6.1 

Figure 6.2 

Figure 6.3 

Figure 6.4 

Figure 6.5 

Figure 6.6 

Figure 6.7 

The three recognised deposition modes for LB 
fi l m s , (a) X-type, (b) Y-type and (c) Z-type. 
Idealised deposition records for (a) and (b) 
Y-type deposition and (c) Z-type deposition. 
The molecular structures of (a) merocyanine dye 
NK2684 and (b) merocyanine dye SC58497. 
Schematic diagram of the device geometry used 
for dye-sensitisation studies. 
Schematic diagram of the device geometry used 
for studying MIS electroluminescent devices. 
Pressure-area isotherm for a f i l m of merocyanine 
dye NK2684. 
Pressure-area isotherm for a f i l m of merocyanine 
dye SC61714, (a) f i r s t compression, (b) 
subsequent compression. 
Pressure-area isotherm f o r a f i l m of merocyanine 
dye SC68781, (a) f i r s t compression, (b) 
subsequent compression. 
Pressure-area isotherm for a f i l m of merocyanine 
dye SC25424. 
Pressure-area isotherm for a f i l m of merocyanine 
dye SC58497. 
Computer generated diagrams of merocyanine dye 
SC58497 showing molecular dimensions i n Angstrom 
units . 
Space-filling molecular models of merocyanine 
dye SC58497 showing a possible stacking 
arrangement, (a) plan view, (b) angled view. 
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Figure 6.8 Collapse of a Langmuir f i l m of SC58497 with 
time. Subphase at (a) pH = 4.1, (b) pH = 4.5 
and (c) pH = 5.5 or 7.3. 

Figure 6.9 Typical LB f i l m deposition record for a 1:1 
mixture of SC58497 and CdArj^onto glass. 

Figure 6.10 Optical absorption spectra of NK2684 (a) i n 
solution and (b) i n LB f i l m form. 

Figure 6.11 Optical absorption spectra of SC58497 (a) i n 
solution and (b) i n LB f i l m form. 

Figure 6.12 Peak o p t i c a l absorption ( X = 540nm) vs number of 
monolayers for NK2684/CdAr2^( 1:1) 

Figure 6.13 Peak op t i c a l absorption (X= 540nm) vs number of 
monolayers for SC58497/CdArj_ (1:1) 

Figure 6.14 Fluorescence emission spectra of LB films of 
NK2684/CdAr2_(l: 1) excited by 500nm l i g h t , (a) 1 
layer, (b) 5 layers. 

Figure 6.15 Fluorescence emission spectra of LB films of 
SC58497/CdAr2_(l: 1) excited by 500nm l i g h t , (a) 1 
layer, (b) 5 layers. 

Figure 6.16 Conductivity of zinc sulphide crystal (a) 
untreated, (b) a f t e r deposition of three 
monolayers of NK2684/CdAr^(1:1), and (c) after 
deposition of three monolayers of SC58497/CdAr2_ 
(1:1). 

Figure 6.17 Photoconductivity of untreated zinc sulphide 
c r y s t a l at (a) 298K and (b) lOOK. 

Figure 6.18 Relative desensitisation effect of three 
monolayers of NK2684/CdArj_( 1:1) on the 
photoconductivity of zinc sulphide, (a) bias = 
lOOpV, (b) bias = IV. 
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Figure 6.19 Relative desensitisation effect of three 
monolayers of Sc58497/CdAr2^( 1:1) on the 
photoconductivity of zinc sulphide, (a) bias = 
lOOpV, (b) bias = IV. 

Figure 6.20 Diffuse reflectance of single c r y s t a l s i l i c o n 
(a) before and (b) a f t e r deposition of three 
monolayers of SC58497/CdAr2^( 1:1). 

Figure 7.1 Conductivity data for a Au/ZnSeS Schottky diode 
(a) under forward bias and (b) under reverse 
bias. 

Figure 7.2 Inverse capacitance squared vs voltage plot for 
a Au/ZnSeS Schottky diode. 

Figure 7.3 Fowler plot of the photoresponse of a Au/ZnSeS 
Schottky diode. 

Figure 7.4 Proposed energy band diagram for the near-ideal 
Au/ZnSeS Schottky diodes. 

Figure 7.5 Conductivity data showing the effect of the 
incorporation of phthalocyanine multilayers into 
a Au/ZnSeS diode. (a) under forward bias and 
(b) under reverse bias. 

Figure 7.6 Higher f i e l d conductivity of the devices i n 
Figure 7.5. 

Figure 7.7 Inverse capacitance squared vs voltage plots for 
(a) Au/ZnSeS diodes incorporating 10 monolayers 
of phthalocyanine and (b) non-ideal Au/ZnSeS 
Schottky diodes. 

Figure 7.8 Forward bias conductivity data for Au/LB 
film/ZnSeS MIS diodes incorporating 2, 4, 6 and 
8 monolayers of phthalocyanine. 
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Figure 7.9 Reverse bias conductivity data for Au/LB 
film/ZnSeS MIS diodes incorporating 2. 4. 6 and 
8 monolayers of phthalocyanine. 

Figure 7.10 Inverse capacitance squared vs voltage plot for 
Au/LB film/ZnSeS MS diodes incorporating 2, 4, 6 
and 8 monolayers of phthalocyanine. 

Figure 7.11 Reciprocal capacitance vs number of monolayers 
for GaP MIS diodes incorporating a range of 
thicknesses of cadmium stearate. (After 
Batey(4)). 

Figure 7.12 Reciprocal zero bias capacitance of Au/LB 
film/ZnSeS MIS diodes vs number of incorporated 
layers of phthalocyanine. 

Figure 7.13 Spectral content of l i g h t emitted by Au/LB f i l m / 
ZnSeS MIS diodes under forward and reverse bias. 

Figure 7.14 Au/phthalocyanine/ZnSeS MIS diodes operating i n 
(a) forward and (b) reverse bias. 

Figure 7.15 Optical reflectance spectrum for ZnSeS grown by 
MOCVD onto GaAs. 

Figure 7.16 Output l i g h t i n t e n s i t y vs voltage (log scale) of 
a Au/LB film/ZnSeS diode under forward bias. 

Figure 7.17 Output l i g h t i n t e n s i t y vs current density (log 
scale) for the same device as Figure 7.16. 

Figure 7.18 External electroluminescent dc power conversion 
e f f i c i e n c y of Au/LB film/ZnSeS MIS diodes vs 
number of incorporated phthalocyanine 
monolayers, (a) line a r p l o t , (b) 
semi-logarithmic p l o t . 
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Figure 7.19 DC power conversion efficiency against number of 
layers of phthalocyanine for GaP MIS diodes. 
(After Batey et a l ( 3 ) ) . 

Figure 7.20 Quantum efficiency of ZnSe:Mn diodes measured at 
20mA against estimated f i l m thickness. (After 
Livingstone et a l ( 1 9 ) ) . 

Figure 7.21 Device degradation characteristics of 
electroluminescence from Au/LB film/ZnSeS MIS 
diodes, (a) From f i r s t switch on, (b) after 30 
minutes recovery, (c) a f t e r 15 hours operation 
and 30 minutes recovery. 

Figure 7.22 Proposed energy band diagrams for 
Au/phthalocyanine/ZnSeS devices: (a) V ̂  IV 
(below threshold); (b) IV ̂  V < lOV (above 
threshold); and (c) V ̂  lOV. 

Figure 7.23 Schematic representation of hole i n j e c t i o n by a 
two-stage Auger recombination process, (l) 
Energetic electron enters metal, (^energetic 
hole injected i n t o semiconductor. 
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